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PREFACE. 


Th£  history  of  Chemistry  as  an  exact  science  may  be  said  to 
date  finom  Lavoisier,  who  first  used  the  balance  in  investigating 
chemical  phenomena,  and  the  progress  of  the  science  since  his 
time  has  been  owing,  in  great  measure,  to  the  improvements 
which  have  been  made  in  the  processes  of  weighing  and  measur- 
ing  small  quantities  of  matter.    These  processes  are  now  the 
chief  instruments  in  the  hands  of  the  chemical  investigator,  and 
it  is  evidently  essential  that  ho  should  be  familiar  with  the  causes 
of  error  to  which  they  are  liable,  and  should  be  able  to  deter- 
mine the  degree  of  accuracy  of  which  they  are  capable.     All  this, 
however,  requires  a  theoretical  knowledge  of  the  principles  which 
the  processes  involve ;  and  the  chemical  investigator  who,  without 
it,  relies  on  mere  empirical  rules,  will  be  exposed  to  constant 
error. 

This  volume   is  intended   to  ftirnish  a  full   development  of 
these  principles,  and  it  is  hoped  that  it  will  servo  to  advance 
the  study  of  chemistry  in  the  colleges  of  this  country.     In  order 
to  adapt  the  work  to  the  purposes  of  instruction,  it  has  been  pro- 
pared  on  a  strictly  inductive  method  throughout ;  and  any  stu- 
dent who  has  acquired  an  elementary  knowledge  of  mathematics 
vill  be  able  to  follow  the  course  of  reasoning  without  difficulty. 
So  much  of  the  subject-matter  of  mechanics  has  been  given  at 
ihe  beginning  of  the  volume  as  was  necessary  to  secure  this 
f»bject ;  and  for  the  same  reason,  each  chapter  is  followed  by  a 
large  number  of  problems,  which  are  calculated,  not  only  to  test 
the  knowledge  of  the  student,  but  also  to  extend  and  apply 
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the  principles  discussed  in  the  work.  Regarding  a  knowledge 
of  methods  and  principles  as  the  primary  object  in  a  course  of 
scientific  instruction,  the  author  has  developed  several  of  the 
subjects  to  a  much  greater  extent  than  is  usuaF  in  elementary 
works,  solely  for  the  purpose  of  illustrating  the  processes  and  the 
logic  of  physical  research.  Thus,  the  means  of  measuring  tem- 
perature and  the  defects  of  the  mercurial  thermometer  have  been 
described  at  length,  in  order  to  show  how  rapidly  the  difficulties 
multiply  when  we  attempt  to  push  scientific  observations  beyond 
a  limited  degree  of  accuracy ;  so  also  the  history  of  Mariotte's 
law  has  been  given  in  detail,  for  the  purpose  of  illustrating  the 
nature  of  a  physical  law,  and  the  limitations  to  which  all  laws 
are  more  or  less  liable  ;  the  condition  of  salts  when  in  solution, 
and  the  nature  of  supersaturated  solutions,  have  in  like  maimer 
been  ftilly  discussed  as  examples  of  scientific  theories;  and,  lastly, 
the  method  of  representing  physical  phenomena  by  empirical  for- 
mulas and  curves,  which  are  the  preliminary  substitutes  for  laws, 
has  been  illustrated  in  connection  with  Regnault's  experiments 
on  the  tension  of  aqueous  vapor. 

Although,  for  the  reason  just  given,  it  has  not  been  the  aim  of 
the  author  to  make  a  mere  digest  of  facts,  care  has  been  taken 
to  include  the  latest  results  of  science,  and  ^here  it  was  impos- 
sible to  enter  into  details,  references  are  given  to  the  original 
memoirs.  The  author  would  earnestly  recommend  the  advanced 
student  to  extend  his  study  to  these  memoirs,  and  not  to  spend 
much  time  in  reading  text-books.  All  compendiums  an>  unavoid- 
ably incomplete.  They  can  only  give  general  results,  which  are 
mvcsarily  stated  in  definite  terms,  and  are  apt  to  convey  a  false 
notion  of  the  true  character  of  the  phenomena  and  law?  of  nature. 
A  student  wh«?  de^ares  to  train  his  powers  of  ohserv;*:k>a  cannot 
exi^tivl  labor  m*?n?  profitably  than  in  looking  up  fiilly  in  a  lar«e 
library  eue  or  m-ore  of  the  subjects  mentioned  above,  and  r^adinsr 
all  the  onginal  menanxr?  that  have  been  written  upon  is.  It  i< 
ctuv  in  thi5  war  iuit !»  can  leam  what  seienufic  :Qves::ir*Ji  ^'i  has 
wnUy  dv^ose.  as  w\»II  a*  what  can  be  txpected  frv>m  ::.  an  i  .-tin  :::;:s 
pNfiiK  koKetf  tt>  wwk  wiA  adimaiace  in  exteatiicur  tbe  bi.*c^.i  .. 


PREFACE.  ▼ 

Ties  of  knowledge.  Moreover,  that  peculiar  scientific  power  which 
is  so  essential  to  the  successful  interpretation  of  natural  phenom- 
ena can  be  acquired  only  at  these  fountain-heads  of  knowledge. 

In  preparing  the  work,  the  author  has  used  freely  all  the  ma- 
terials at  hi^  command.  Most  of  the  woodcuts  in  the  book  have 
been  transferred  from  the  pages  of  different  standard  works,  but 
especially  from  the  DraitS  de  Physique  of  Ganot.  The  excel- 
lent work  of  Buff,  Kopp,  and  Zamminer  has  been  repeatedly 
consulted,  as  well  as  those  of  Miller,  of  Graham,  of  Daguin,  of 
Jamin,  of  Miiller,  of  Bunsen,  of  Dana,  and  of  Silliman,  and  all 
that  is  suitable  for  the  illustration  of  his  subject  has  been 
borrowed  from  them.*  Whenever  it  was  possible,  the  original 
memoirs  were  consulted,  especially  those  of  Regnault  in  the 
twenty-first  volume  of  the  MSmoires  de  VAcadSmie  des  Scien- 
ces. Indeed,^  this  distinguished  experimentalist  has  so  greatly 
improved  the.  methods  of  investigation  in  this  department  of 
Physics,  that  any  text-book  on  the  subject  must  necessarily  be 
in  great  measure  an  abstract  of  his  labors. 

A  large  number  of  valuable  tables  are  included  in  an  Ap- 
pendix at  the  end  of  the  volume.  Several  of  these  have 
been  re-calculated  ;  but  the  rest  are  selected  with  care  from 
standard  authors.  The  authority  for  each  table,  and  the  page 
on  which  the  method  of  using  it  is  described,  are  given  at  the 
commencement  of  the  Appendix.  A  list  of  numerous  other 
tables  distributed  through  the  body  of  the  work  will  bo  found, 
under  the  word  "Tables,"  in  the  Index.  The  author  is  in- 
debted   to   Captain    Chiarles    Henry   Davis,    Superintendent   of 


*  Baff,  Kopp,  and   Zamminer.    Lehrbnch  der  physikalischen  nnd  theoretischen 
Cbemic    Braanschweig,  1857. 
Miller.    Elements  of  Chemistry.    Part  I.  Chemical  Physics.    London,  1855. 
Graham.    Elements  of  Chemistry.     Vol.  I.,  London,  1850.     Vol.  IL,  1857. 
Dftgnin.     Traitd  de  Physique.     Tom.  I.     Paris,  1855. 
Jamra.    Oonrs  de  Physique.    Tom.  I.    Paris,  1858. 
Muller.    Lehrbuch  der  Physik  und  Meteorologie.    Braunschweig,  1856. 
Bansen.    Gasometry.     Translated  by  Roscoe.     London,  1857. 
Dtna.    Sjrstera  of  Mineralogy.    Vol.  L    New  York,  1854. 
SillimaiL    Fim  Principles  of  Physics.    Philadelphia,  1859. 
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the  Nautical  Almanac,  for  the  use  of  a  table  of  logarithms  of 
natural  numbers  to  four  places  of  decimals,  which  will  be 
found  suflScient  for  solring  most  of  the  problems  in  this  book. 
The  greater  number  of  the  problems  were  prepared  by  the 
author  ;  the  rest  have  been  selected  from  various  works,  but 
especially  from  Kahl's  Aufgaben  aus  der  Physik^  and  from  the 
Appendix  to  Cranot^s  TraitS  de  Physique.  Solutions  of  these 
problems  wiU  be  published  hereafter,  though  for  an  obvious 
reason  they  are  not  included  in  this  volume.  For  the  purpose 
of  ready  reference,  the  sections  and  equations  have  been  num- 
bered ;  the  numbers  of  sections  are  given  in  parentheses,  those 
of  equations  in  brackets ;  and  in  order  still  further  to  facilitate 
reference,  a  list  of  the  formuhe  is  included  in  the  Index. 

Great  pains  have  been  taken  in  the  printing  of  the  book  to 
avoid  errors,  and  the  author  is  under  especial  obligation  to 
his  friend.  Professor  Henry  W.  Torrey,  for  a  careful  revision 
<rf  the  proof-sheets.  The  difficulties  of  securing  perfect  accu- 
racy in  printing  formulae  and  tables  are  almost  insurmountable, 
and  many  misprints  have  undoubtedly  occurred.  Such  as  may 
be  discovered  will  be  corrected  in  the  next  edition  ;  and  the 
author  will  feel  under  obligations  to  any  of  his  readers  who  will 
have  the  kindness  to  send  him  a  note  of  such  as  thov  find. 

Although  the  present  volume  is  a  complete  treatise  in  itself 
of  the  principles  involved  in  the  processes  of  weighing  and  meas- 
uring, it  is  also  intended  to  serve  as  the  first  volume  of  an 
extended  work  on  the  Philosophy  of  Chemistry.  The  arrange- 
ment of  the  chapters  and  sections  has  been  adopted  with  this 
view,  and  the  inductive  method  begun  in  this  volume  will  In?  con- 
tinued through  the  whole  work.  The  second  volume  will  treat 
of  Light  in  its  relations  to  Crystallography  (^including  Mathemat- 
ical Crystallography),  and  also  of  Electricity  in  its  relations  to 
Chemistry.  The  third  and  last  volume  will  l>e  on  Stoichiometrv 
and  the  principles  of  Chemical  Classification.  This  volume  is 
now  in  preparation,  and  ^"ill  be  published  next. 

J.  P  C. 

Cambruhsc  Februanr  1,  1860. 
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CHAPTER    I. 


INTRODUCTION. 


(1-)  Matter  J  Body^  Substance.  —  That  of  which  the  universe 
consists,  which  occupies  space,  and  which  is  the  object  of  our 
senses,  is  named  matter.    Any  limited  portion  of  matter,  whether 
it  be  a  grain  of  sand  or  the  terrestrial  globe,  is  called  a  body ; 
mod  the  different  kinds  of  matter,  such  as  iron,  water,  or  air,  are 
termed  substances.     The  number  of  distinct  substances  already 
described  is  exceedingly  large ;  but  they  are  all  formed  by  the 
combination  of  a  few  simple  substances,  called  Elements^  or  else 
consist  of  one  element  alone.     The  tendency  of  science  for  the 
last  fifty  years  has  been  to  increase  the  number  of  the  elements  ; 
at  present  sixty-two  are  admitted.    But  those  recently  discovered 
exist  only  in  minute  quantities  on  the  surface  of  the  globe,  and 
appear  to  play  a  very  subordinate  part  in  the  economy  of  na- 
ture.   In  regard  to  the  essential  nature  of  matter,  or  of  the 
elements  of  which  it  consists,  we  have  no  knowledge ;   but  we 
have  observed  the  properties  of  almost   all  known   substances, 
as  well  elements  as  compounds,  have  studied  their  mutual  rela- 
tions and  their  action  on  each  other,  and  have  discovered  many 
of  the  laws  which  they  obey. 

(2.)  General  and  Specific  Properties.  —  If  we  study  the 
properties  of  iron,  we  shall  find  that  they  may  be  divided  into 
two  classes ;  —  one  class,  which  iron  possesses  in  common  with 
ill  substances ;  the  other,  which  are  peculiar  to  iron,  and  dis- 
tinguish it  from  otlier  kinds  of  matter.  A  mass  of  iron  occupies 
^»ce,  —  or,  in  the  language  of  geometry,  possesses  extension; 
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it  gravitates  towards  the  earth,  that  is,  it  has  weight.  But  ev- 
ery other  substance  as  well  as  iroii,  gases  aud  liquids  as  well  as 
solids,  possess  both  extension  and  weight.  Such  properties  as 
these,  which  are  common  to  all  kinds  of  matter,  are  called 
General  Properties.  Besides  these  general  properties,  iron  is 
endowed  with  other  qualities,  which  are  peculiar  to  itself.  Thus 
iron  not  only  possesses  extension,  but  it  has  a  peculiar  crystal- 
line form.  It  not  only  possesses  weight,  but  every  piece  of  iron 
weighs  7.8  times  as  much  as  the  same  bulk  of  water.  It  has 
also  a  certain  hardness  and  a  familiar  lustre.  Properties  like 
the  last,  which  are  peculiar  to  a  given  substance,  and  serve  to 
distinguish  it  from  other  kinds  of  matter,  are  called  Specific 
Properties, 

(3.)  Physical  and  Chemical  Changes,  —  If,  next,  we  study  the 
various  changes  to  which  all  substances  are  liable,  we  shall  find 
that  they  als^o  may  be  divided  into  two  classes ;  —  first,  those 
changes  by  which  the  specific  properties  are  not  altered ;  and,  sec- 
ondly, those  by  which  the  specific  properties  are  essentially  modi- 
fied, and  the  identity  of  the  substance  lost.  Thus  a  mass  of  copper 
may  be  transported  to  a  distant  part  of  the  globe,  it  may  be  di- 
vided into  exceedingly  small  particles,  it  may  be  melted  and  cast 
into  nails,  it  may  be  coined  ;  but  yet,  although  the  position,  the 
size,  or  the  external  shape  is  thus  entirely  changed,  those  quali- 
ties which  distinguish  copper,  which  make  it  to  be  copper,  are 
not  altered.  Water  may  be  frozen  by  cold  or  converted  into 
steam  by  heat,  yet  the  water  is  not  destroyed ;  for  if  the  ice  bo 
melted,  or  the  steam  condensed,  fluid  water  reappears,  with  all 
its  characteristic  properties.  A  bar  of  iron,  when  in  contact 
with  a  magnet,  becomes  itself  magnetic,  and  acquires  the  power 
of  attracting  small  particles  of  iron.  So  also  a  stick  of  sealing- 
wax,  if  rubbed  with  a  silk  handkerchief,  becomes  electrified,  and 
endowed  with  the  power  of  attracting  light  pieces  of  paper ;  but 
the  peciJiar  properties  of  iron  and  sealing-wax  are  not  essentially 
modified  by  these  changes.  Such  changes,  which  do  not  destroy 
the  identity  of  substance,  are  called  Physical  Changes. 

On  the  other  hand,  if  copper  filings  are  heated  for  some  time 
in  contact  with  the  air,  they  fall  into  a  black  powder  (oxide  of 
copi>er)  ;  if  heated  with  sulphuric  acid,  they  are  converted  into 
a  blue  crystalline  solid  (sulphate  of  copper)  ;  and  in  either  case 
the  properties  of  copjxjr  entirely  disappear.     K  steam  is  passed 
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oFer  metallic  iron  heated  to  a  red  heat,  it  yields  a  combustible 
gas  (hydrogen).  If  an  iron  bar  is  exposed  to  moist  air,  it  slowly 
crumbles  to  a  red  powder  (iron-rust).  If  sealing-wax  is  heated 
to  a  red  heat,  it  burns,  and  is  apparently  annihilated  ;  but,  as  we 
shall  hereafter  see,  it  changes  by  burning  into  invisible  gases 
(vapor  of  water  and  carbonic  acid).  Changes  like  these,  by 
vhich  Hie  distinguishing  properties  of  a  substance  are  altered, 
aud  the  substance  itself  converted  into  a  different  substance,  are 
called  Chemical  Changes. 

(4.)  Physical  and  Chemical  Properties,  —  Corresponding  to 
tlie  two  classes  of  changes  above  described  are  two  classes  of 
properties,  into  which  we  may  divide  the  specific  properties  of  a 
substance.     Those   properties  which  a  substance  may  manifest 
without  undergoing  any  essential  change  itself,  or  causing  any 
essential  changes  in  other  substances,  are  generally  called  Phys- 
ical Properties,     On  the  other  hand,  those  propertied  which  "  re- 
late essentially  to  its  action   on  other  substances,  and  to  the 
permanent  changes  which  it  either  experiences  in  itself,  or  which 
iteflfectsupon  them,"*  are  called  Cliemical  Properties.     Thus, 
imong  the  physical  properties  of  iron  we  should  include  its  great 
t^acity  and  malleability,  its  specific  gravity,  its  peculiar  lustre, 
its  great  infusibility,  the  facility  with  which  it  may  be  forged  at 
a  high  temperature,  its  power  of  transmitting  electricity  and  of 
assuming  magnetic  polarity.     Among  its  chemical  properties,  on 
the  other  hand,  we  should  enumerate  the  ease  with  which  it  rusts 
in  the  air,  the  readiness  with  which  it  dissolves  in  dilute  acids, 
its  combustibility  in  oxygen  gas,  and  many  others.     This   last 
class  of  properties  evidently  cannot  be  manifested  by  iron  with- 
out its  losing   its   essential  properties  and  ceasing  to  be  iron. 
The  first  class,  on  the  other  hand,  do  not  involve  any  such  radi- 
cal changes. 

(5.)  Chemistry  and  Physics.  —  It  is  the  province  of  Chemistry 
to  observe  the  chemical  properties  of  substances,  and  to  study  the 
chemical  changes  to  which  they  are  liable.  Physics,  on  the 
other  hand,  deals  with  the  physical  properties  and  the  physical 
changes  of  matter.  The  study  of  Chemistry  involves  the  discus- 
sion of  at  least  three  questions  in  regard  to  each  substance.  The 
chemist  asks,  in  the  first  place.  What  are  the  specific  properties 

•  Miller's  Elements  of  Chemistry,  Part  I.,  page  2. 
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of  the  substance  ?  in  the  second  place,  What  are  the  chemical 
changes  to  which  it  is  liable^  or  which  it  is  capable  of  producing 
in  other  substances  ?  and,  in  the  third  place,  What  are  the 
causes  of  these  change Sy  and  according  to  what  laws  do  they 
take  place  ?  An  answer  to  the  first  of  these  questions  must  ob- 
viously be  obtained  before  the  chemist  can  approach  the  otlier 
two,  and  indeed  the  whole  of  Chemistry  is  based  upon  the  accu- 
rate observation  of  the  specific  or  distinguishing  properties  of 
substances.  These  properties,  as  we  have  seen,  are  physical  as 
well  as  chemical,  and  when  the  substances  can  only  be  observed 
in  a  state  of  chemical  rest,  the  chemist  is  obliged  to  depend  on 
tlie  physical  characteristics  alone  in  distinguishing  between  tliem ; 
and  under  all  circumstances  he  relies  upon  these  characters  to  a 
greater  or  less  degree.  Hence  the  study  of  Chemistry  necessa- 
rily implies  some  acquaintance  with  Physics,  and  a  thorough 
knowledge  of  Physics  will  always  be  found  useful  to  the  investi- 
gator of  chemical  phenomena.  There  are,  however,  some  portions 
of  tlie  subject  which  are  more  closely  coimected  with  Chemistry 
than  the  rest,  and  which,  therefore,  it  is  particularly  convenient 
to  study  in  connection  with  this  science.  This  portion  of  Phys- 
ics, which  is  frequently  called  Chemical  Physics,  is  the  subject  of 
Part  I.  of  this  work.  Chemical  Physics  is  entirely  an  arbitrary 
division  of  the  science,  including  a  variety  of  subjects  which  are 
only  grouped  together  because  they  are  closely  connected  widi 
Chemistry  in  its  present  condition.  It  treats  more  e^pecially  of 
those  physical  properties  of  matter  which  are  used  by  chemists 
in  defining  and  distinguishing  substances,  and  which,  therefore, 
it  is  exceedingly  important  for  the  student  of  Chemistry  thor- 
oughly to  understand.  It  treats  also  of  the  action  of  heat  on 
uatter*  and  of  the  various  methods  by  which  the  weight  and 
Vi4uiiies  of  i«-.Hiios,  whether  solids,  liquids,  or  ga^os,  are  accu- 
nuclv  me;&>ured. 

m 

^^o,^  F^rcf  end  L<iir.  — The  axiom,  that  every  change  must 
hire  aa  adequate  cause,  leads  us  to  refer  all  the  phenomena  of 
nirjLTv  ;o  w':;at  we  term  forcrs :  thus,  we  refer  tlie  faUing  of 
t»>i:t:s  :.-^ir:irds  the  earth  to  the  foree  of  gravitation,  the  motion 
v-f  &  s-.r.Miiw'r.jir.e  to  the  ex{>ansive  force  of  heat^  and  the  bum- 
!:-£  - :"  A  . -u;  ilt^  i>  :he  force  of  chemical  affiiiity.  The  only  clear 
c-::,:-?::::;  v :'  ;>.e  origin  or  nature  of  foree  to  which  man  can 
A— J.-,  i>   derived   fn>m  studying  thotse  limited   phenomena  of 
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matter  which  can  be  traced  back  to  human  agency.  These  phe- 
nomena, as  we  are  conscious,  result  from  tlie  mysterious  action 
of  mind  on  matter ;  and  we  are  thus  led  to  infer  that  the  grand 
phenomena  of  nature  result  in  like  manner  from  the  action  of 
the  Infinite  Mind  on  matter.  In  tliis  view,  force  is  only  another 
name  for  the  volition  either  of  man  or  of  God,  and  the  varied 
phenomena  of  nature  are  only  the  manifestations  of  His  all- 
pervading  will. 

A  careful  study  of  material  phenomena  frequently  leads  us 
to  the  discovery  of  unexpected  analogies  between  those  which 
seemed  at  first  sight  entirely  disconnected.     No  two  phenomena 
are  apparently  less  related  than  the  motion  of  our  planet  through 
space  and  the  falling  of  a  stone  to  its  surface ;  and  yet  it  has 
been  discovered  that  all  the  phases  of  both  phenomena  can  be  per- 
fectly explained,  by  assuming  that  every  particle  of  matter  in  the 
universe  attracts  every  otlier  particle  with  a  force  varying  directly 
as  the  mass  and  inversely  as  the  square  of  the  distance.     So  also 
&e  ripples  on  the  surface  of  a  still  lake  have  no  apparent  resem- 
blance to  the  rays  of  light  which  play  upon  them  ;  but  neverthe- 
less it  has  been  found  that  all  the  phenomena  of  light  can  be 
fully  explained,  by  the  assumption  that  they  are  caused  by  a  sim- 
ilar ondulatory  motion  in  an  etiiereal  medium.    Such  generaliza- 
tioQs  as  these,  by  which  the  phenomena  of  nature  are  linked 
together  and  in  a  measure  explained,  are  called  laws.     A  law  is 
the  mode  of  action  of  some  assumed  force  ;  thus,  the  law  of  gravi- 
tation is  the  mode  of  action  of  the  force  of  gravitation,  and  the  law 
of  undulations  is  the  mode  of  action  of  the  force  which  produces 
light.    But  if  force  is,  as  above  considered,  a  direct  emanation  of 
Divine  Power,  then  law  must  be  regarded  as  the  uniform  and 
unchanging  mode  of  action  of  the  Divine  Mind.     It  must  be  no- 
ticed, however,  that  what  we  call  a  natural  law  is  merely  our 
human  expression  of  the  Divine  mode  of  action  in  the  universe, 
and  that  this  is  accurate  in  proportion  to  the  extent  and  clear- 
ness of  our  knowledge  of  the  phenomena  and  of  their  relations. 
The  great  diflferences  which  exist  in  this  respect  are  implied  in 
the  very  language  of  science.     The  words   hypothesis^  theory^ 
and  law  stand  for  the  same  thing,  that  is,  our  conception  of  the 
mode  in  which  God  acts  in  nature,  and  we  use  the  one  or  the 
other  according  to  our  own  conviction  of  the  accuracy  of  our 
conception.     If  we  suppose  that  it  is  merely  possibly  correct,  or 
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only  ill  part  true,  wc  call  it  an  hypothesis  or  a  theory;  but 
if  we  are  fully  convinced  of  its  truth,  we  say  that  it  is  a  law  of 
nature. 

One  criterion  by  which  we  judge  of  the  correctness  of  our 
ideas  of  the  Divine  mode  of  action  in  the  material  universe,  and 
by  which  we  determine  whether  a  proposed  explanation  of  mate- 
rial phenomena  should  bo  regarded  as  an  hypothesis,  a  theory,  oi 
a  law  of  nature,  is  the  completeness  with  which  it  explains  the 
class  of  phenomena  in  question.  A  law  of  nature  must  not  oiilj 
cover  all  known  phenomena  of  the  class,  but  must  also  include  al! 
those  which  may  hereafter  be  discovered,  and  even  predict  tlieL 
existence  before  they  are  actually  observed.  This  has  been  th 
case  with  tlie  laws  of  nature  already  discovered,  and  with  nom 
more  remarkably  than  with  the  law  of  gravitation,  which  may  h 
regarded  as  the  most  perfect  of  all.  This  law  was  first  advances 
by  Newton  to  explain  the  phenomena  of  planetary  motion  thei 
known,  by  connecting  them  with  those  of  falling  bodies  on  th 
surface  of  the  earth.  As  Astronomy  advanced,  this  law  was  no 
only  found  able  to  explain  all  the  complicated  perturbations  o 
lunar  and  planetary  motions  as  they  were  successively  discovered 
but  it  even  went  before  tlie  observer,  and  enabled  the  astronome 
to  calculate  with  absolute  exactness  the  extent  and  the  periods  o 
these  irregularities  of  motion,  although  it  will  require  centurie 
on  centuries  to  verify  his  results.  The  same  is  also  true  of  the  no 
less  remarkable  law  of  undulations  advanced  by  Huyghcns  to  ex 
plain  tlie  comparatively  few  facts  of  optics  known  in  his  time.  A 
these  facts  have  been  rapidly  multiplied  by  the  wonderful  discov 
eries  of  Mains  and  of  Young,  the  law  has  not  only  been  foun 
fully  adequate  to  explain  all,  but  it  has  also  predicted  the  existenc 
of  phenomena,  which,  like  that  of  conical  refraction,  would  hard! 
have  been  noticed  had  they  not  been  thus  pointed  out.  To  h; 
potlieBes  and  theories  we  do  not  look  for  the  same  full  explaa 
tion  of  all  the  facts  which  we  require  of  a  law.  They  are  r 
garded  as  merely  provisional  expedients  in  science  until  the  In 
"1  be  discovered,  as  guesses  at  truth  before  the  truth  is  know 
have  been  said  to  be  the  thoughts  of  God  manifested 
9  and  expressed  in  human  language.  Hypotheses,  the 
IT  first  imperfect  comprehensions  of  these  thoughts.  Th< 
180  the  shadowing  forth  of  laws,  and  the  progress  of  scieiK 
'ays  been   from  tlie   dim  glimmerings  of  truth  in  tl 
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sis  and  the  theory,  to  the  full  light  of  knowledge  in  the 

ler  criterion  of  the  validity  of  a  law,  no  less  important 
i  one  we  have  considered,  is  to  be  found  in  the  analogies 
-e.  The  force  of  analogy  is  tlie  great  directing  principle 
mind  of  the  successful  student.  It  is  this  which  leads 
pronounce  some  theories  unsound,  although  apparently 
d  by  facts,  and  to  accept  others,  which,  although  not  fully 
by  experiment,  are  yet  in  harmony  with  the  general  plan 
or  of  creation,  and  with  those  convictions  of  the  truth 
re  based  on  an  enlarged  knowledge  and  an  extended  ob- 
n  of  natural  phenomena. 

IS  defining  law  as  the  thoughts  of  Grod  manifested  in  na- 
d  force  as  the  constant  action  of  his  infinite  will,  we  must 
ul  to  remember  that  this  is  a  conclusion  of  metaphysieal 
lian  of  physical  science.  The  demonstrations  of  physical 
unquestionably  point  to  the  same  result ;  but  it  is  the 
rards  which  they  tend,  rather  than  one  which  they  have 
In  the  present  condition  of  science,  we  are  obliged  to 
^uage  which  implies  the  existence  of  separate  and  dis- 
•ces  ;  but  this  is  unimportant  so  long  as  we  keep  the  truth 
and  do  not  allow  ourselves  to  be  led  into  materialism  by 
roidable  imperfections  of  scientific  language. 


CHAPTER    II. 

GENERAL  PROPERTIES  OF  MATTER. 

(7.)  Essential  and  Accidental  Properties.  —  Of  the  general 
properties  of  matter,  I  shall  consider  in  this  chapter  the  follow- 
ing, which  are  common  to  all  bodies,  solids,  fluids,  and  gases, 
and  which  it  is  important  for  us  to  study  early  in  our  course :  — 

Essential  Properties,  AccidenicU  Properties. 

1.-  tiXtension,  implying,        4.  Weight.  * 

a.  Volume.  6.  Divisibility. 

b.  Density.  6.  Porosity. 

2.  Impenetrability.  7.  Compressibility  and  Expansibility. 

8.  Mobility.  8.  Elasticity. 

The  first  three  of  these  properties  are  evidently  more  essential 
than  the  rest.  We  cannot  conceive  of  a  kind  of  matter  which 
would  be  destitute  of  them.  Attempt  to  conceive  of  a  variety 
of  matter  which  would  not  occupy  space,  which  would  not  resist 
an  effort  to  condense  it  into  a  smaller  volume,  or  which  would  be 
incapable  of  motion,  and  it  will  be  seen  at  once  that  these  prop- 
erties form  an  essential  part  of  the  very  idea  of  matter.  The 
last  five  are  as  universal  properties  of  matter  as  the  first  three ; 
but  they  do  not  seem  to  our  minds  to  be  so  essential,  for  we  can 
conceive  of  matter  which  would  not  possess  them.  It  is  not 
difficult  to  conceive  of  matter  without  weight,  so  hard  as  to  be 
indivisible,  at  least  in  a  physical  sense,  without  pores,  incom- 
pressible, and  therefore  unelastic.  Indeed,  some  physicists  refer 
the  phenomena  of  light  and  heat  to  an  imponderable  variety  of 
matter,  and  the  Atomic  Theory  supposes  that  the  assumed  atoms 
are  indivisible,  incompressible,  and  without  pores. 

(8.)  Extension  and  Volume.  —  When  we  say  that  matter  has 
extension^  we  merely  mean  that  it  occupies  space,  and  the  amount 
of  space  which  a  given  body  occupies  we  call  its  volume.  We 
may  study  extension  without  any  reference   to  the  matter  of 
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»rhich  it  is  a  property,  and  we  shall  thus  arriye  at  the  principles 
[>f  Geometry.  —  This  science  distinguishes  three  degrees  of  ex- 
tension :  the  solid,  or  extension  in  three  dimensions ;  the  surface, 
or  extension  in  two  dimensions ;  and  the  line,  or  extension  in 
one  dimension.  Only  the  first  of  these,  however,  can  be  said  to 
be  represented  in  matter,  for  a  surface  is  only  the  boundary  of  a 
solid,  and  a  line  the  boundary  of  a  surface. 

(9.)  The  Measure  of  Extension.  —  In  order  to  measure  the 
Yolume  of  a  solid,  the  Area  of  a  surface,  or  the  Length  of  a  line, 
we  adopt  some  arbitrary  unit  of  extension  of  the  same  order,  and 
by  the  principles  of  Geometry  compare  all  other  extensions  with 
it.  The  unit  of  length  is  the  only  one  which  must  bo  arbitrary, 
because  we  can  use  a  square  of  this  unit  in  measuring  surfaces, 
and  a  cube  of  this  unit  in  measuring  solids.  Various  units  both 
of  length  and  of  volume  have  been  adopted  in  different  countries. 
Of  the  numerous  systems  of  measure  there  are  two  which  it  is 
important  for  us  to  study. 

ENGUSH  SYSTEM   OF  MEASURES. 

(10.)  Units  of  Length.  —  The  unit  of  length  which  has  been 
adopted  in  this  country  is  the  same  as  that  of  England.  It  is 
eiUed  a  yard^  and  is  said  to  have  been  introduced  by  King  Henry 
the  First,  "  who  ordered  that  the  ulna  or  ancient  ell,  which 
corresponds  to  the  modern  yard,  should  be  made  of  the  exact 
length  of  his  own  arm,  and  that  the  other  measures  of  length 
iboold  be  based  upon  it.  This  standard  has  been  maintained 
vittioat  any  sensible  variation,  and  is  the  identical  yard  now  used 
in  the  United  States,  and  is  declared  by  an  act  of  Parliament, 
piSBed  in  June,  1824,  to  be  the  standard  of  linear  measure  in 
Great  Britain."  *    The  clause  in  the  act  is  as  follows  :  — 

'*Ppom  and  after  the  first  day  of  May,  1825,  [subsequently 
ttiended  to  the  first  of  January,  1826,]  the  straight  line,  or  the 
tsfeanoe  between  tlie  centres  of  the  two  points  in  the  gold  studs 
*  the  straight  brass  rod  now  in  the  custody  of  the  clerk  of  the 
Boose  of  Commons,  whereon  the  words  and  fip:urcs  *  Standard 
Ttid,1760,*  are  engraved,  shall  be  the  original  and  genuine 
tedard  of  length  or  lineal  extension  called  a  yard ;  and  the 


*  Hnnt's  Merchant's  Magazine,  Vol.  IV.  p.  334. 


12  CHEMICAL   PHYSICS. 

same  straight  line,  or  distance  between  the  centres  of  the  said  two 
points  in  the  said  gold  studs  in  the  said  brass  rod,  the  brass  being 
at  the  temperature  of  sixty-two  degrees  by  Fahrenheit's  ther- 
mometer, shall  be  and  is  hereby  denominated  the  *  Imperial 
Yard,'  and  shall  be  and  is  hereby  declared  to  be  the  unit  and 
only  standard  measure  of  extension,  wherefrom  or  whereby  all 
other  measures  of  extension  whatsoever,  whether  the  same  be 
lineal,  superficial,  or  solid,  shall  be  derived,  computed,  and  ascer- 
tained ;  and  that  all  measures  of  length  shall  be  taken  in  parts 
or  multiples  or  certain  proportions  of  tlie  said  standard  yard ; 
and  that  one  third  part  of  the  said  standard  shall  be  a  foot,  and 
tlie  twelftli  part  of  such  foot  sliall  be  an  iiich ;  and  that  the  pole 
or  perch  in  length  shall  contain  five  and  a  half  such  yards,  tlie 
furlong  two  hundred  and  twenty  sucli  yards,  and  the  mile  one 
thousand  seven  hundred  and  sixty  such  yards." 

And  the  act  further  declares,  that  "  if  at  any  time  hereafter 
the  said  imperial  standard  yard  shall  be  lost,  or  shall  be  in  any 
manner  destroyed,  defaced,  or  otherwise  injured,  it  shall  be  re- 
stored by  making,  under  the  direction  of  the  Lords  of  the  Treas- 
ury, a  new  standard  yard,  bearing  the  proix>rtion  to  a  pendulum 
vibrating  seconds  of  mean  time  in  the  latitude  of  London  in  a 
vacuum  and  at  the  level  of  the  sea,  as  36  inches  to  39.1393 
inches." 

Tlie  event  contemplated  by  the  last  clause  of  the  act  actu- 
ally happened  in  less  than  ten  years  after  its  passage,  for  the 
standard  was  destroyed  by  the  fire  which  consumed  the  Par- 
liament House  in  1834.  It  was  then  found  that  this  clause 
was  entirely  nugatory,  and  that  the  country  was  left  without  a 
legal  standard ;  for  the  restoration  of  the  lost  yard  could  not  be 
effected  with  any  tolerable  certainty  in  the  manner  prescribed  by 
the  act.  The  measurement  of  the  seconds  pendulum,  which  was 
made  the  basis  of  the  peremptory  enactment,  was  executed  with 
extraordinary  precaution  and  skill  by  Captain  Kater ;  but  this 
measurement  was  subsequently  found  to  be  incorrect,  owing  to 
the  neglect  of  certain  precautions  in  the  determination  of  the 
length  of  the  pendulum,  which  more  recent  experiments  have 
shown  to  bo  indispensable.  On  account  of  these  sources  of  error, 
the  yard  could  not  be  restored  with  certainty  in  the  prescribed 
manner  within  one  five-hundredth  of  an  inch,  an  amount  which, 
althougli  inappreciable  in  all  ordinary  measurements,  is  a  large 
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error  in  a  scientific  standard.     The  commissioners  appointed,  in 
1838,  *^  to  consider  the  steps  to  be  taken  to  restore  the  lost 
standard,"  recommended  the  construction  of  a  standard  yard,  and 
four  *^  Parliamentary  copies^^  from  tlie  best  authenticated  copies 
of  the  imperial  standard  yard  which  then  existed.     They  also 
prescribed  the  maimer  hi  which  the  standard  and  the  four  Par- 
Hamentary  copies  should  be  preserved,  and  recommended  further 
&at  auHienticated  copies,  prepared  with  all  the  refinements  of 
iQodem  art,  should  be  distributed  throughout  tlie  realm,  and 
placed  in  the  custody  of  certain  government  officers.    The  recom- 
mendations of  this  commission  have  in  general  been  followed,* 
and  by  an  act  of  Parliament,  which  received  the  royal  assent 
July  30, 1855,  the  restored  standard  yard  was  legalized. 

The  actual  standard  of  length  of  the  United  States  is  a  brass 
scale  eighty-two  inches  in  length,  prepared  for  the  survey  of 
the  coast  of  the  United  States,  by  Troughton  of  London,  in  1818, 
and  deposited  in  the  Office  of  Weights  and  Measures  at  Wash- 
ington. Tlie  temperature  at  which  this  scale  is  a  standard  is 
62*  Fahrcnlicit,  and  the  yard  measure  is  between  the  27th  and 
68d  inches  of  the  scale.f  From  recent  comparisons  of  tliis  scale 
with  a  bronze  copy  of  the  new  British  standard,  presented  to  the 
United  States  by  the  British  government,  it  appears  that  the  Brit- 
ish standard  is  shorter  than  the  American  yard  by  0.00087  of  an 
inch, —  a  quantity  by  no  means  inappreciable.  Carefully  adjustr 
ed  copies  of  the  United  States  standard  yard  have  been  prepared, 
by  the  order  of  Congress,  imder  the  direction  of  Professor  A.  D. 
Bache,  Superintendent  of  Weights  and  Measures,  and  distributed 
to  the  different  States  of  tlie  Union ;  but  up  to  1859  tlie  standard 
had  not  been  defined  by  any  act  of  Congress.  The  subdi\isions 
aiid  multiples  of  the  yard  are  given  in  Table  I.  at  the  end  of 
this  volume,  with  their  respective  numerical  relations. 

(11.)  Units  of  Surface  and  of  Voluvie.  —  All  the  English 
units  of  surface  are  squares  whose  sides  are  equal  to  the  units  of 
length,  with  the  exception  of  a  few,  which,  like  the  perch  or  the 
acre,  are  used  in  the  measurement  of  land,  and  in  other  coarse 
measurements.     The  square  inch  is  the  most  convenient  imit  of 

*  Aoeoont  of  the  CoDstrnction  of  the  New  National  Standard  of  Len^h  and  of  its 
principal  Copies.  By  G.  B.  Airy,  Esq.,  Astrooomer  Royal.  Philosophical  Transac- 
tions of  the  Royal  Society  of  London,  Vol.  CXLVIl.  p.  621. 

t  Report  of  the  Secretary  of  the  Treasury  oo  Weights  and  Measures,  d4th  Congress, 
3d  Session.    Ex.  Doc.  No.  27, 1857. 
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surface  for  scientific  purposes.     The  circular  inch  is  also  some- 
times used  by  engineers. 

When  volume  can  be  calculated  from  linear  measurements  by 
the  principles  of  Greometry,  it  is  usual  to  estimate  it  in  cubic 
yards ^  cubic  feet ^ov  cubic  inches^  and  it  is  in  this  way  that  earth- 
work and  masonry  are  measured.  In  measuring  the  volume 
of  gases,  liquids,  and  of  many  varieties  of  solids,  however,  an 
arbitrary  unit  is  more  frequently  employed.  Several  such  units, 
entirely  independent  of  each  other,  were  formerly  used  in  dif- 
ferent trades ;  but  the  Imperial  Gallon,  established  by  an  act 
of  Parliament,  has  been  substituted  for  all  other  arbitrary  meas- 
ures of  volume.  It  is  equal  to  277.274  cubic  incites,  and  con- 
tains ten  avoirdupois  pounds  of  water  at  62^  of  tlie  Fahrenheit 
thermometer.  A  table  showing  the  relations  of  the  units  both 
of  surface  and  of  volume,  will  be  found  in  connection  with  the 
table  of  linear  measure. 

FRENCH  SYSTEM  OP  MEASURES. 

(12.)  History, — The  decimal  metrical  system  of  France  origi- 
nated with  her  Revolution.  "  It  is  one  of  those  attempts  to 
improve  the  condition  of  human  kind,  which,  should  it  ever  be 
destined  ultimately  to  fail,  would  in  its  failure  deserve  little  less 
admiration  than  in  its  success."  *  Previous  to  the  Revolution, 
tlie  metrical  system  of  France  was  even  more  complex  than  that 
of  England,  almost  every  province  having  distinct  standards  of 
weight  and  measure  of  its  own,  —  a  condition  of  things  which 
was  productive  of  the  most  serious  inconveniences  in  trade  and 
commerce.  The  first  eflFective  movement  to  reform  this  extreme 
diversity  was  made  by  Talleyrand  in  the  Constituent  Assembly 
of  1790,  and  the  new  system  was  developed  by  a  commission 
of  members  of  the  Academy  of  Sciences,  consisting  of  Borda, 
Lagrange,  Laplace,  Monge,  and  Condorcet.  In  their  report, 
which  appeared  in  the  following  year,  they  proposed  that  the 
ten-millionth  part  of  the  quadrant  of  a  meridian  of  the  globe 
should  be  adopted  as  the  basis  of  a  new  metrical  system,  and 
called  a  Metre  ;  that  the  subdivisions  and  multiples  of  all 
measures   should  be   made  on  the  decimal  system  ;    that,  in 

*  Report  npon  Weights  And  Measures,  by  John  Qaincv  Adams,  whidi  may  be  con- 
salted  for  a  fuU  history  of  this  subject 
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order  to  determine  the  metre,  an  arc  of  the  meridian,  extend- 
ing firom  Dunkirk  to  Barcelona,  six  and  a  half  degrees  to  the 
north  and  three  degrees  to  the  south  of  the  mean  parallel  of  45^, 
dK>uld  be  measured,  and  that  the  weight  of  a  cubic  decimetre  of 
distilled  water  at  the  temperature  of  melting  ice  should  be  deter- 
mined and  adopted  as  the  unit  of  weight.  They  also  proposed 
I  new  subdivision  of  the  quadrant  into  one  hundred  degrees, 
the  degree  into  one  hundred  minutes,  and  the  minute  into  one 
hundred  seconds.  This  import  was  accepted,  and  the  execution 
of  the  great  work  was  intrusted  to  four  separate  commissions, 
including  the  names  of  the  most  celebrated  men  of  science  of 
France.  The  measurement  of  the  arc  was  assigned  to  De- 
lambre  and  M^hain,  and  the  determination  of  the  weight  of 
▼ater  to  LefSvre-Gineau  and  Fabbroni. 

Delambre  met  with  great  difficulties  in  the  measurement  of  the 
French  portion  of  the  arc.  The  work  was  commenced  at  the 
most  violent  period  of  the  Revolution,  and  was  repeatedly  ar- 
rested by  the  suspicions  of  the  people  and  the  fickleness  of  the 
government.  But,  after  repeated  interruptions,  the  work  was 
completed  in  1796,  when  the  whole  of  the  records  of  the  survey 
were  submitted  to  a  special  commission,  consisting  of  Delambre, 
M4chain,  Laplace,  and  Legendre,  of  France,  Von  Swinden,  of 
Holland,  and  Trall^s,  of  Switzerland,  who  found  the  length  of 
the  metre  to  be  443.259936  ligTies* 

The  determining  of  the  unit  of  weight  led  to  a  most  impor- 
tant discovery.  The  commission  discovered  that  water  was  most 
dense,  not,  as  had  been  previously  supposed,  at  the  temperature 
of  melting  ice,  but  at  a  temperature  nearly  five  degrees  of  the 
centigrade  scale  liighcr.  They  therefore  determined  the  weight 
of  a  cubic  decimetre  of  distilled  water  at  its  greatest  density,  and 
not,  as  had  been  first  proposed,  at  0** ;  and  to  this  weight  was 
given  the  name  of  Kilogramme.  On  the  19th  of  August,  1798, 
the  original  metre  and  kilogramme  were  presented,  with  an  ad- 
dress, to  the  two  councils  of  the  legislative  body. 

In  order  to  avoid  sources  of  error  which  might  arise  from  the 
eflij^ticity  of  the  earth,  the  measurement  of  the  arc  from  Dunkirk 
to  Montjouy  (Monjuich),  near  Barcelona,  was  subsequently  ex- 
tended by  Biot  and  Arago,  in  accordance  with  the  original  design 

*  The  French  standard  then  in  use. 
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of  M^chain,  to  Formentera,  one  of  the  Balearic  Isles,  so  as  to  com- 
prehend an  arc  of  more  than  twelve  degrees  between  the  extreme 
stations,  which  would  be  almost  exactly  bisected  bj  the  parallel  of 
45°  ;  it  being  well  known  that  from  the  length  of  any  given  arc 
which  is  bisected  by  the  parallel  of  45°  may  be  deduced  a  length 
of  a  quadrant  of  a  meridian,  and  therefore  of  the  metre,  which 
would  be  independent  of  the  earth's  ellipticity.  The  observations 
of  Biot  and  Arago  were  calculated  by  the  same  methods  prescribed 
by  Delambre  in  the  previous  survey,  atid  the  result  appeared  to 
verify  the  accuracy  botli  of  the  method  and  of  the  original  work, 
since  the  Icngtli  of  tlic  metre,  which  was  the  result  of  the  entire 
arc  between  Dunkirk  and  Forinentera,  was  found  to  be  almost 
identical  with  that  which  had  been  previously  determined.  The 
perfect  accuracy  of  the  base  of  the  French  metrical  system 
seemed  thus  to  be  estal)lished  ;  but,  unfortunately,  later  exam- 
inations have  not  verified  this  conclusion. 

In  the  year  1838,  Puissant,  who  was  then  engaged  in  con- 
structing the  Carte  GSo^raphiqve  de  la  France ^  annoiuiced  that 
there  existed  an  important  error  in  the  calculated  length  of  the 
arc  of  the  meridian  on  wiiich  the  length  of  the  metre  was  based, 
and  that  the  calculated  metre  differed  from  the  one  ten-millionth 
part  of  the  quadrant  —  the  metre  by  definition  —  by  -s^Vrr  of  the 
whole ;  and  tliat  the  provisional  metre  hastily  adopted  on  the  1st 
of  August,  1793,  during  the  heat  of  the  Revolution,  and  based 
on  an  old  measurement  of  an  arc  of  tlie  meridian  by  Lacaille, 
was  in  reality  more  accurate  than  that  which  was  established  by 
the  labors  of  the  great  commission.  Puissant's  results  were  sul)- 
sequently  verified  by  a  careful  re-examination  of  the  calculations 
of  the  commission,  when  it  appeared  that  the  error  he  had  de- 
tected, great  as  it  was,  resulted  from  two  greater  errors,  which 
had  in  part  balanced  each  other  in  the  final  result.  It  was  not, 
however,  thought  best  to  correct  the  length  of  the  actual  metre, 
and  it  still  remains  the  same  as  that  adopted  by  the  coumiissiou. 
Thus,  then,  it  appears  that  the  metre  of  France  is  no  less  an  ar- 
bitrary standard  of  measure  than  the  English  yard,  and  that,  like 
the  last,  if  destroyed,  it  cannot  be  restored  in  conformity  to  its 
)fiuitiou.  Like  all  other  results  of  human  labor,  it  bears  the 
trk  of  imperfection  and  fallibility;  and  the  singular  liistory* 


^  Sea  tiw  Edinburgh  Review,  Vol.  LXXVII.  page  228,  for  a  full  account  of  tliM 

Bl. 
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of  the  work  teaches  most  impressively  the  limitation  and  uncer- 
tainty of  the  best  himian  powers  of  observation  and  reasoning. 

(13.)  Subdivisions  and  Multiples  of  the  Metre.  — ^  The  subdi- 
Tisions  and  multiples  of  the  metre  are  all  decimal.  The  names 
of  the  multiples  are  derived  from  the  Greek  numerals,  and 
those  of  the  subdivisions  from  the  Latin.  Thej  are  as  fol- 
lows :  — 

Meagfirea  of  Length, 

Cilometre    =  1000  metres.  Metre  (m.)  =  1.000  metre. 

Hectometre  =   100      "  Decimetre  (d.  m.)  =  0.100     " 

Decametre  =      10      "  Centimetre  (c  m.)  =  0.010     " 

Metre  =       1      "  Millimetre  (m.m.)=  0.001      " 

In  this  work,  the  abbreviations  in  the  table  will  be  used  to  desig- 
nate these  units  of  length. 

(14.)  Units  of  Surface  and  of  Volume.  —  The  French  units  of 
surface  are  squares  whose  sides  are  equal  to  the  units  of  lengtli. 
They  are  named  squares  of  these  units,  and  will  be  designated  by 
the  abbreviations  as  above  with  an  exponent  2 ;  tlius,  5  nT.'  stands 
for  five  square  metres,  and  3 cm.*  for  three  square  centimetres. 
The  common  French  measure  of  land  is  the  square  decametre^ 
itich  is  called  an  are^  alid  the  names  of  its  decimal  multiples 
ind  subdivisions  are  formed  like  those  of  the  metre. 

The  units  of  volume  are  in  like  jnanner  cubes  of  the  units 

of  length,  and  are  named  cubic  metres,  cubic  centimetres,  etc. 

Tbey  will  be  designated  as  before,  using  tlie  exponent  3  ;  thus, 

5c."m.'  stands  for  five  cubic  centimetres.     The  cubic  decimetre  is 

the  common  measure  of  liquids,  and  is  called  a  litre  =  0.001  m.^. 

So  also  the  cubic  metre,  which  is  the  measure  for  bulky  materials, 

sach  as  fire-wood,  has  received  the  separate  name  stere.    Both  the 

litre  and  the  stdre  have  decimal  multiples  and  subdivisions  named 

like  those  of  the  metre.     The  very  simple  decimal  relations  of 

the  French  system  render  it  exceedingly  valuable  in  all  scientific 

calculations,  and  it  will  therefore  be  exclusively  used  in  tliis 

book.    The  relation  between  the  French  and  English  units  is 

given  in  Table  I.,  and  with  the  aid  of  the  annexed  logarithms  the 

reduction  from  one  to  the  other  can  easily  be  made.     A  similar 

taMe  has  also  been  added,  which  gives  the  means  of  reducing 

the  metre  to  several  of  the  most  important  standards  in  use  on 

the  continent  of  Europe. 

2* 
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The  methods  of  determining  approodmately  length,  surface,  and 
solidity,  by  means  of  the  units  of  measure  just  described,  are 
known  to  all  who  have  studied  Greometry,  and  need  not  there- 
fore be  described.  When  great  accuracy,  iiowever,  is  required, 
as  in  most  scientific  investigations,  these  methods  become  less 
simple,  and  cannot  bo  fully  understood  until  the  student  is  famil- 
iar with  the  action  of  lieat  on  matter.  This  will  be  described  in 
the  chapter  on  Weighing  and  Measuring. 

(lo.)  Density  and  Mass.  —  The  idea  of  volume  involves  that 
of  density^  since  a  given  volume  may  be  filled  with  a  greater  or 
a  less  amount  of  matter.  The  amount  of  matter  contained  in  a 
cubic  centimetre  of  hydrogen  gas,  for  example,  is  many  thousand 
times  less  than  that  which  fills  a  cubic  centimetre  of  gold.  As 
used  in  Physics,  the  word  density  means  the  amount  of  matter 
contained  in  the  unit  of  volume.  This  quantity  will  always  be 
represented  by  D, 

The  amount  of  matter  which  a  body  contains  is  termed  its  ma^s^ 
and  is  represented  by  M.  For  example,  the  amount  of  matter 
which  the  sun,  the  earth,  a  locomotive,  a  cannon-ball,  or  a  grain 
of  sand  contains,  is  called  the  mass  of  that  body.  When  the 
body  is  homogeneous,  there  is  a  very  simple  relation  between  its 
mass  and  its  density.  Its  density,  as  we  have  seen,  is  the  amount 
of  matter  which  one  cubic  centimetre  of  the  body  contains.  Its 
mass  is  the  amount  of  matter  which  the  whole  body  contains. 
If,  then,  we  represent  by  V  the  volume  of  the  body,  that  is,  the 
number  of  cubic  centimetres  which  it  occupies,  it  follows  that 

M=DV.  [1.] 

This,  translated  into  ordinary  language,  means  that  the  amount 
of  matter  which  a  body  contains  is  equal  to  the  amount  of  matter 
which  one  cubic  centimetre  of  the  body  contains,  multiplied  by 
the  number  of  cubic  centimetres  which  the  body  occupies.  The 
mass  of  a  body  is  determined  from  its  weight ;  for  it  will  be 
hereafter  proved  that  the  weight  of  a  body  is  proportional  to  the 
amount  of  matter  it  contains.  It  must,  however,  be  carefullf 
kept  in  mind,  that  weight,  although  proportional  to  mass,  is  not 
10  mass,  just  as  the  arc  of  a  circle  is  an  entirely  different  quan- 

y  from  the  angle  which  it  measures. 

M 
From  equation  [1]  we  obtain  D  =  „  ;   that  is,   the   density 

he^mass  of  the  unit  of  volume,  or,  as  above,  tlie  amount  of 


GENERAL  PROPERTIES   OF  MATTER.  19 

matter  in  the  unit  of  volume.     In  order  to  estimate  mass  and 
density,  we  assume  a  certain  amount  of  matter  as  a  unit  of  mass 
and  compare  all  other  amounts  with  it.     When  we  say  that  the 
mass  of  a  given  volume  of  iron  is  10,  we  mean  that  the  amount 
of  matter  it  contains  is  ten  times  as  great  as  the  amount  of  matter 
contained  in  this  assumed  unit  of  mass.     In  like  manner,  when 
▼e  say  that  the  density  of  mercury  is  equal  to  1.386,  we  mean 
that  one  cubic  centimetre  of  mercury  contains  1.886  times  as  much 
matter  as  the  unit  of  mass.     In  every  case,  the  numbers  express- 
ing mass  and  density  stand  for  miits  of  mass.     Tlie  unit  of  mass 
is  derived  from  the  imit  of  weight,  as  will  be  explained  in  the 
section  on  Gravitation. 

The  terms  Mass  and  Density  will  be  constantly  used  through- 
out this  work,  and  their  meaning  should,  therefore,  be  clearly 
impressed  upon  the  mind. 

(16.)  Impenetrability, — Matter  not  only  occupies  space,  but  it 
tlso  resists,  with  differing  degrees  of  force,  any  attempt  to  reduce 
it  into  a  smaller  volume.  Thus,  one  litre  of  air  can  be  made  to 
occupy  a  volume,  so  far  as  we  can  see,  indefinitely  smaller,  but 
only  by  great  mechanical  force.  This  resistance  which  all  bodies 
oferto  any  attempt  to  condense  them,  is» termed  Impenetratnlity. 

PROBLEMS. 

1.  What  is  the  length  of  one  degree  orf  the  meridian  at  the  latitude  of 
40"  in  French  linear  measure  ? 

2.  The  latitude  of  Dunkirk  was  found  by  Delambre  to  be  51°  2'  9"; 
that  of  Formentera,  as  determined  by  Biot,  is  38**  39'  5G".  What  is  the 
distaooe  between  these  parallels  in  metres  ? 

3.  The  distance  between  the  parallels  of  Dunkirk  and  Formentera,  as 
detennined  by  triangulation,  is  730,430  toises  of  864  lignes  each.  What 
k  the  length  of  a  metre  in  fractions  of  a  toise,  and  in  lignes  ? 

4.  The  equatorial  and  polar  diameters  of  the  globe  are  to  each  other  in 
the  proportion  of  299.15  to  298.15.    What  is  the  length  of  each  in  metres  ? 

5.  Had  the  decimal  division  of  the  circle  mentioned  on  page  15  been 
tdopted,  what  would  have  been  the  length  of  one  degree,  one  minute,  and 
one  second  in  metres  ? 

6.  To  how  many  cubic  centimetres  do  five  litres  correspond  ?  To  how 
many  do  3.45  G  litres,  0.0034  litre,  and  5.674  litres  correspond  ? 

7.  To  how  many  cubic  metres  do  564.82  litres,  3240.85  litres,  0.675 
fitre,  and  0.032  litre  correspond  ? 

S.  A  box,  measuring  ten  centimetres  in  each  direction,  will  hold  how 
Buuiy  litres,  and  what  portion  of  a  cubic  metre  ? 
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fl.  Reduce,  by  means  of  the  table  at  tbe  end  of  the  book, — 
a.  30  inches  to  fractions  of  a  metre, 
ft.  76  centimetres  to  English  inches. 
e.  36  feel  to  metres. 
d.  10  metres  to  feet  and  inches. 

10.  Reduce,  hj  means  of  the  table  at  the  end  of  the  book,- 
a.  8  lbs.  6  oz.  to  gnunmes. 

h.  7640  grammes  to  English  ^wthecaries'  weight. 
c.  \b  grains  to  gnunmes. 

11.  Reduce,  by  means  of  the  table  at  the  end  of  the  book,- 
a.  4  pints  to  litres  and  cubic  centimetres. 

h.  5  gallons  to  litres  and  cubic  centimetres. 

c.  5  litres  to  English  measure. 

d.  4  cubic  centimetres  to  English  measure. 


(17.)  Position.  — We  conceive  of  a  body,  not  only  as  occupyii^ 
a  certain  portion  of  space,  but  also  as  existing  in  space,  and  there- 
fore as  being  in  a  determinate  Position  with  reference  to  other 
bodies.  A  book,  for  example,  not  only  fills  b  certain  amount 
of  space,  but  also  holds. a  certain  position  with  reference  to  the 
surface  of  the  table  on  which  it  lies,  or  with  reference  to  the 
walls  of  the  room  in  which  the  table  stands.  If  we  select  a 
point  of  that  book,  its  position  on  the  table  can  easily  be  de- 
fined by  measuring  its  distance  from  each  of  two  adjacent 
edges  of  the  table  along  a  line  parallel  to  the  other  of  the 
two  edges,  and  its  position  in  the  room  can,  in  like  manner, 
bo  defined  by  measuring  its  distance  from  two  adjacent  walls 
and  tlie  ceiling  along  lines  parallel  to  the  three  edges  formed 
by  tlic  meeting  of  these  three  surfaces.  This  is  the  method 
most  commonly  used  in  Geometry  of  defining  the  position 
of  a  point.  The  distances 
which  determine  the  position 
of  a  point  are  called  co-ordi- 
nates, and  the  edges  and  sur- 
faces to  which  the  position  is 
referred  are  called  co-ordinate 
axes  and  co-ordinate  planes. 
In  Pig.  1,  the  position  of  the 
point  p  is   determined   by  the 
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disfances  pb  ^b  and pa  =  a  from  the  two  co-ordinate  axes  o x 
udoji;  and  in  Fig.  2,  the  position  of  tbe  same  point  is  detemuDed 
bf  the  distances  pe^c,pb  =  b,  and  ;>  o  =  a  from  tlie  planes  xy, 
xz,miy  z.  In  Part  11.  of 
(his  work,  the  use  of  co-ordi- 
nates will  be  fully  illustrated 
ia  their  application  to  the 
study  of  crystallography. 

The  position  of  points  on 
the  surface  of  the  globe  is 
referred  to  the  equator  and 
(he  meridian  of  Greenwich. 
In  this  case,  however,  the 
position  is  not- defined  by  "*'*■ 

(he  distance  from  these  planes,  as  in  the  example  just  taken,  but 
by  the  latitude  and  longitude ;  the  first  being  the  angular  dis- 
tanoe  of  the  place  &om  the  equator  measured  on  its  own  merid- 
ian, aad  the  second  the  angle  made  by  its  meridian  with  that  of 
Greenwich.  In  like  manner,  the  position  of  a  body  in  the  solar 
tfttem  is  defined  by  stating  its  distance  from  the  sun  and  its  angu- 
lar position  with  reference  to  tlie  ecliptic  and  the  vernal  equinox, 
to  which  its  heliocentric  latitude  and  longitude  are  referred. 

(18.)  Mobility.  —  The  idea  of  position  necessarily  involves 
thai  of  change  uf  position,  which  we  call  motion.  We  cannot, 
kt  example,  conceive  of  the  book  as  having  a  definite  position  on 
the  table,  witliout  also  connecting  with  it  the  idea  that  its  posi- 
tion could  be  changed,  or,  in  other  words,  that  it  could  move. 
A  body  is  said  to  be  moving  when  it  is  constantly  changing  its 
position  with  reference  to  the  co-ordinate  lines  to  which  its  posi- 
tion is  referred  ;  and  when  no  such  change  is  taking  place,  it  is 
said  to  be  at  rfst.  Rest  and  motion  arc  relative  terms ;  for  abso- 
lute rest  is  not  known  in  nature.  Every  body  on  the  surface  of 
the  globe  partakes,  not  only  in  a  motion  of  revolution  round  the 
uis  of  tlie  earth,  but  is  also  moving  round  the  sun,  and  per- 
haps accompanying  the  sun  in  its  revolution  round  a  more  dis- 
tant centre.  All  known  matter  is  in  motion,  and  when,  in  any 
ca«e,  we  say  that  it  is  at  rest,  we  merely  mean  to  assert  that  it  is 
bt  rest  with  referencetocertainlinesorplanes,  which  were  arbitra- 
rily assumed  for  co-ordinates.  A  body  on  the  deck  of  a  steamboat 
may  be  at  rest  with  reference  to  the  boat,  but  in  rapid  motion  with 
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reference  to  the  earth.  In  like  manner,  a  body  on  the  surface  of 
the  globe,  which  is  said  to  be  at  rest  because  it  is  not  changing 
its  position  with  reference  to  the  equator  and  fii*st  meridian,  is  yet 
in  very  rapid  motion  with  reference  to  the  ecliptic  and  tlie  vernal 
equinox.  So,  on  the  other  hand,  a  body  may  appear  to  be  in 
rapid  motion,  and  yet  at  rest  witli  reference  to  tlie  earth  or  the 
sun.  For  example,  a  ship,  which  is  sailing  through  the  ocean  at 
the  rate  of  ten  kilometres  an  hour,  while  the  ocean  current  is 
flowing  at  the  same  rate  in  the  opposite  direction,  is  at  rest  with 
reference  to  the  earth,  although  it  would  appear  to  be  in  motion  to 
persons  on  board  the  ship.  Again,  any  point  on  the  surface  of  the 
globe  at  the  latitude  of  50''  is  moving  from  west  to  east,  in  con- 
sequence of  the  rotation  of  the  globe  on  its  axis,  about  289  metres 
each  second,  but  is,  relatively  to  the  surface  of  the  globe,  at  rest. 
If  a  cannon-ball  is,  at  the  same  latitude,  moving  289  metres  each 
second  from  east  to  west,  it  will  appear  to  be  in  rapid  motion 
to  an  observer  at  this  point,  while  it  is  at  rest  with  reference 
to  the  sun. 

Experience  teaches  us  that  a  body  may  move  on  the  surface 
of  the  globe  with  equal  readiness  in  any  direction,  and  therefore 
that  this  motion  is  not  influenced  by  the  motion  of  the  earth  itself. 
The  same  amount  of  gunpowder  which  would  drive  the  cannon- 
ball  289  metres  each  second  from  west  to  east,  would  drive  it  with 
the  same  velocity  from  east  to  west,  or  in  any  other  direction. 
It  is  evident,  from  these  and  similar  considerations,  that  a  body 
may  partake  of  several  motions  at  once,  and  yet  that  each  may 
be  entirely  independent  of  the  rest. 

(19.)  Time  and  Velocity.  —  All  the  phenomena  of  nature 
may  be  referred  to  motion ;  and  the  succession  of  natural  phe- 
nomena gives  us  the  idea  of  duration,  or  time.  In  order  to 
measure  the  duration  of  phenomena,  we  select  the  duration  of 
some  one  as  our  unit,  and  compare  the  duration  of  others  with  it. 
It  is  essential  that  our  unit  should  be  invariable,  and  such  inva- 
riable units  of  time  wc  find  in  the  motions  of  the  heavenly  bodies 
and  in  that  of  the  pendulum.  The  duration  of  a  single  oscilla- 
tion of  a  pendulum  0.99394  m.  long,  at  the  latitude  of  Paris,  is  a 
second,  the  smallest  unit  in  use,  and  the  one  which  we  shall 
have  most  occasion  to  use  in  tliis  book.  Therefore,  when  the 
unit  of  time  is  s[X)ken  of,  it  is  always  to  be  understood  to  mean 
one  second.     The  duration  of  the  revolution  of  the  earth  on  its 


d=bT,    or    b='Y>  a»<i    ^=S-  [2.] 
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axis  is  the  next  larger  unit,  which  we  call  a  day^  and  that  of  the 
reTolntiou  of  the  earth  round  the  sun,  the  largest  xuiit  iu  com- 
mon use,  is  called  a  year. 

T%e  distance  passed  over  by  a  moving  body  in  the  unit  of  time 
measures  its  Velocityy  which  we  will  represent  by  t).  When, 
ihen,  a  body  is  said  to  have  a  velocity  of  ten  metres,  we  merely 
mean  that,  if  it  continue  to  move  «at  the  same  rate,  it  will  pass 
over  ten  metres  in  each  second  of  time. 

(20.)  Uniform  and  Varying  Motions.  —  The  motion  of  a  body 
is  said  to  be  uniform  when  its  velocity  does  not  change.  In  such 
motion  the  body  will'  pass  over  the  same  distance  in  each  second, 
or,  in  otlier  words,  the  distance  passed  over  in  uniform  motion  is 
proportional  to  the  time.  Denoting,  then,  by  d  the  distance 
passed  over,  and  by  T  the  number  of  seconds,  we  have 

d         .    ^      d_ 

We  have  an  •  example  of  uniform  motion  in  a  railroad  train 
moving  with  a  constant  speed. 

In  varying  motions^  the  distances  passed  over  in  successive 
seconds  are  unequal.  The  body  has  no  longer  a  constant  ve- 
locity, and  its  velocity  at  any  moment  is  the  distance  it  would 
pass  over  in  each  second,  if,  with  the  velocity  then  acquired,  its 
motion  suddenly  became  imiform.  The  motion  of  a  body  may 
vary  according  to  different  laws.  There  are  two  kinds  of  varying 
motion  which  it  is  important  to  study.  They  are  called  vniform- 
iy  accelerated  motion  and  uniforvily  retarded  motion. 

(21.)  Uniformly  Accelerated  Motion. — The  motion  of  a  body 
is  said  to  be  uniformly  acc^rated,  when  its  velocity  increases 
by  an  equal  amount  each  second.  This  amount  is  called  the  ac- 
celerationy  and  will  be  represented  by  v.  The  most  familiar  ex- 
ample of  such  a  motion  is  that  of  the  fall  of  a  stone  to  the  earth, 
^^tarting  from  the  state  of  repose,  its  velocity  at  the  end  of  the  first 
second  is  9.8088  m.,  which  we  may  call  in  round  numbers  10  m. ; 
at  the  end  of  the  second  second,  its  velocity  is  20  m. ;  at  the  end 
of  the  third,  30  m. ;  at  the  end  of  T  seconds,  its  velocity  is 
10  X  T  metres.  To  make  the  case  general,  if,  starting  from  a 
state  of  rest,  the  body  acquires  a  velocity  each  second  represented 
by  D,  then  its  velocity,  t),  after  T  seconds  will  be, 

{)=Tv.  [3.] 
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In  order  to  find  the  distance  passed  over  at  the  end  of  T 
seconds,  we  make  use  of  the  principle  proved  by  Gralileo,  that 
this  distance  is  the  same  as  if  the  body  had  moved  at  a  uniform 
rate  with  a  mean  velocity.  In  the  case  of  a  falling  stone,  the 
velocities  at  the  end  of  successive  seconds  are,  — 


0"  1"        2"        8"         4"        5"         6"        7" 
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Om.      10m.    20m.    30m.    40m.    50m.    60m.    70m (lOn)m. 

At  the  end  of  five  seconds,  the  velocity  is  50  m. ;  at  the  com- 
mencement, the  velocity  is  0  m.  According  to  the  principle  just 
stated,  the  distance  passed  over  is  the  same  as  if  the  body  had 
moved  uniformly  during  the  five  seconds  with  the  mean  velocity 
of  25  m.  In  like  manner,  the  distance  passed  over  between  the 
end  of  the  third  and  the  end  of  the  seventh  second  will  be 
i  (30  +  70)  4  =  200  metres.  Representing,  then,  the  accelera- 
tion of  velocity  during  each  second  by  t>,  as  above,  we  shall  have, 
for  the  distance  passed  over  during  T  seconds  by  a  body  moving 
with  a  uniformly  accelerated  motion,  and  starting  from  a  state 
of  rest, 

rf  =  J  (0  +  Tt>)  T=  J  t>  T\  [4.] 

The  truth  of  this  principle  can  be  proved  in  the  following  way. 
Let  us  suppose  the  time  T  divided  into  a  large  number  (n)  of  very 

T 

small  intervals.    Each  of  these  intervals  will  be  represented  by  — . 

These  intervals  we  will  take  so  small,  that  the  motion  during  this 
minute  fraction  of  a  second  may  be  regarded  as  uniform,  and  as 
having  the  same  velocity  which  it  really  has  only  at  the  end  of 
the  interval.     Representing  the  velocity  at  the  end  of  one  second 

by  t),  the  velocity  at  the  end  of  —  ■bonds  will  be,  by  [3],    —  u ; 

T  T 

the  velocity  at  the  end  of  2  —  seconds  will  be   2  —  t)  ;     at   the 

T  T 

end  of  3  —   seconds,    3  —  t),  etc. 

Regarding  this  velocity  as  uniform  during  the  interval,  we  have, 
by  equation  [2] ,  for  the  distance  passed  over  during  the  first  in- 

terval,  the  value  rf,  =  ^  t).    In  the  same  way,  we  shall  find, 

WW 

for  the  second  interval,  di=2  -^  t\  for  the  third,  rfj  =  3  -5- 1> ; 

J12 
and  for  the  last,  d„  =  n  -^  t).     The  space  passed  over  during  the 

whole  time  T  will  be  equal  to  the  sum  of  these  values. 
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jt2  J>2  2»2  7*2 

or, 

rf=^o  (1  +  2  +  8  +  4+ +«). 

The  quantity  within  the  parenthesis,  being  the  sum  of  the 
terms  of  an  arithmetical  progression,  is  equal  to  i  (n  +  1)  n ; 
and  substituting  this  value,  ve  obtain. 

This  value  of  d  will  be  the  more  accurate  the  smaller  are  the 
intervals  of  time,  or  the  larger  the  number  into  which  T  is 
divided  ;  and  it  will  be  absolutely  accurate  when  the  number  is 
infinitely  large.  In  this  case  n  =  oo,  and  the  last  equation  be- 
comes the  same  as  [4], 

d=\tT\  [5.] 

For  another  time  T',  we  should  have  d'  s=  J  t>  T'*,  and,  com- 
paring the  two  equations, 

that  is,  in  a  uniformly  accelenUed  motion,  the  distances  passed 
(n>er  by  a  moving  body  starting  from  a  state  of  rest  are  propor- 
tional to  the  squares  of  the  times  employed.  By  substituting 
in  [5]  the  value  of  T  obtained  from  [3] ,  it  gives, . 

d=f^;  [6.] 

u  fa'' 

for  another  velocity  fa',  we  should  have  d'  ^=  5—,  and  comparing 

tills  equation  with  the  last, 

d'  d' ^~  '  ?!?  —  fa«  .  fa"  • 

which  shows  that,  in  a  uniformly  accelerated  motion  starling 
from  a  state  of  rest^  the  distances  passed  over  by  a  moving  body 
are  proportional  to  the  squares  of  the  final  velocities.  By  trans- 
position we  obtain  from  [6] , 

t)  =  V^2Trf;  [7.] 

which  is  an  expression  for  the  final  velocity  in  terms  of  the  dis- 
tance passed  over,  and  the  constant  increment  of  velocity  for 
each  second. 

3 
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Returning  to  the  previous  illustration,  if  we  represent  by  a 
the  distance  through  which  a  stone  falls  in  the  first  second,  we 
can  easily  find  the  following  values  for  the  distances  it  will,  fall 
through  during  each  succeedhig  second,  and  also  for  the  whole 
distance  it  will  have  fallen  through  at  the  end  of  each  second. 

l"    2"      8"      4"      5"       6"       7"  n" 

Successive  distances,  a  3  a  5  a  la  9a  11a  Ida...  .(2 n — 1)  a. 
Whole  distances,         a     4  a     9  a  16  a  25  a    36  a    49  a n^  a. 

The  co-efficients  in  the  last  series  are  to  each  other  as  the  squares 
of  the  times ;  —  which  has  already  been  proved.  Those  in  the 
first  series  are  as  the  series  of  odd  numbers,  and  can  be  deduced 
from  the  last  series,  by  subtracting  from  each  of  its  terms  the 
one  next  preceding  it. 

(22.)  Uniformly  Retarded  Motion.  —  When  a  stone  is  thrown 
vertically  from  the  earth,  its  velocity  diminishes  by  an  equal 
amount  each  second,  and  such  a  motion  may  be  said  to  be  uni- 
formly retarded.  Tlie  velocity  of  the  stone  rapidly  diminishes 
until  it  becomes  zero,  when  for  a  moment  it  is  at  rest,  and  then 
it  falls  back  to  the  point  where  it  started.  The  law  which  gov- 
erns the  upward  motion  will  be  most  readily  discovered  if  we 
regard  the  stone  as  moving,  at  the  same  time,  in  two  opposite 
directions ;  rising  in  the  air  in  virtue  of  the  initial  velocity  it 
has  received,  and  at  the  same  time  falling  to  the  earth  in  con- 
sequence of  the  force  of  gravitation  (compare  next  section). 
The  first  is  a  uniform  motion,  and  obeys  the  law  expressed  by 
[2]  ;  the  second  is  a  uniformly  accelerated  motion,  and  obeys 
the  laws  expressed  by  [3]  and  [4].  Since,  now,  all  uniformly 
retarded  motions  may  be  resolved  in  a  similar  way,  it  is  evident 
that  the  velocity  of  the  motion  and  the  distance  passed  over  by 
the  moving  body  after  a  given  number  of  seconds  may  be  found 
by  subtracting  from  the  velocity  and  distance  which  would  be 
due  to  the  forward  motion  alone,  the  loss  caused  by  the  uniformly 
accelerated  motion  in  the  opposite  direction.  If,  then,  we  use 
u  to  denote  the  initial  velocity,  it  is  evident  that  the  residual 
velocity  at  the  end  of  T  seconds  will  be  expressed  by  the  equa- 
tion (compare  [2]  and  [3}) 

t)  =  t)'_„r.  [8.] 

The  body  will  evidently  come  to  rest  when  t>  T  equals  jb' ;  when 

r=il.  [9.] 
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In  the  case  of  the  stone,  n  is  equal,  as  before,  to  about  ten  metres ; 
BO  that  a  stone  thrown  upwards  with  a  velocity  of  one  hundred 
metres  a  second  would  come  to  rest  in  ten  seconds.  At  the  end 
of  five  seconds  its  velocity  would  be  100  — 10  X  5  =  50  metres. 
Tu  like  manner,  the  distance  passed  over  at  the  end  of  T'secoiids 
will  be  the  difference  between  the  values  of  (2  in  [2]  and  [4] ,  or 

d={yT—^vT*.  [10.] 

The  height  to  which  the  stone  of  the  previous  example  would 
rise  in  five  seconds  is,  then,  100  X  5  —  j  10  X  25  =  375  metres. 
To  find  how  far  the  uniformly  retarded  body  will  move  before 
comuig  to  rest,  substitute  iu  [10]  the  value  of  7* given  iu  [9], 
which  gives 

The  stone  will  then  rise  to  -^jp  =  500  metres,  before  it  begins 
toM. 

(23.)  Compound  Motion.  —  It  has  already  been  stated,  that  a 
body  may  be  moving  in  several  dirdctions  at  once,  and  moving 
■ith  perfect  freedom  in  each.  The  movements  of  the  pasEengers 
on  the  deck  of  a  vessel  sailuig  over  a  calm  sea  preserve  the  same 
relations  of  direction  and  velocity,  relatively  to  the  different  parts 
of  the  vessel,  as  if  it  were  at  rest.  So  also,  the  motions  on  the 
surface  of  the  globe  are  not  Influenced  by  its  rotation  on  its  a.\is, 
Of  its  motions  through  space.  A  pohit  on  the  rim  of  a  wagon- 
vbeel  partakes  of  the  forward  motion  of  the  wagon,  while  it  is 
■Iso  revolving  round  the  axle.  The  actual  motion  of  a  body 
rliich  is  the  result  of  two  or  more  motions,  is  tormcd  a  com- 
poitad  motion ;  and  we  will  now  inquire  what  must  be  the  path 
»nd  velocity  of  such  motions,  commencing  with  the  simplest  case, 
*bere  there  are  but  two  motions,  and  where  both  are  uniform, 

(2-1.)    Parallelogram    of  

Xolions.  —  Let  us  then  sup- 
pose that  a  body,  starting 
from  if,  is  moving  towards 
"  with  a  uniform  motion, 
ud  tliat  at  the  same  time 
tile  line  a  c  is  moving  par- 
lUel  to  itself,  and  also  with 
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a  uniform  motion,  towards  e  Sy  the  point  a  always  keeping  on  tb 
line  a  e.  Let  us  also  suppose  that  the  velocities  are  so  adjusted 
that,  when  the  body  reaches  the  point  €,  the  line  will  have  reachec 
the  position  e  s.  It  is  easy  to  show  that  the  path  described  bj 
the  body  is  the  diagonal  a  5  of  the  parallelogram,  of  which  a  £  and 
e  s  are  two  sides. 

Lay  off,  in  the  direction  a  m,  a  line,  a  £,  equal  to  the  velocitj 
of  the  moving  body,  and  on  the  line  a  n  o,  distance,  a  €,  equal  to 
the  velocity  of  the  moving  line.  Divide  both  of  these  lines  into 
the  same  number  of  equal  parts.  Each  of  these  will  be  equal  to 
the  space  passed  over  by  the  moving  body  or  line  in  a  small  frao- 
tion  of  a  second,  which  wc  may  take  as  small  as  we  choose.  At 
the  end  of  the  first  of  these  intervals,  the  body  will  evidently 
reach  the  point  p  ;  at  the  end  of  the  next,  tlie  point  ^ ;  at  the 
end  of  the  third,  r ;  and  so  on,  until  the  end  of  the  second,  when 
it  will  reach  the  point  s.  By  making  the  number  of  intervah 
larger  and  larger,  we  can  prove  that  the  body  will  pass  succes* 
sively  a  larger  and  larger  niunber  of  points  on  the  line  a  5 ;  and 
by  making  the  number  of  intervals  infinite,  that  it  will  paaB 
every  point  on  the  line,  or,  in  other  words,  that  it  will  move  cm 
the  line  itself. 

It  will  be  noticed,  that  the  proof  is  general  for  any  velocitia 
when  the  two  motions  are  uniform  ;  and  moreover,  that  the  line 
a  s  represents,  not  only  the  direction,  but  also  the  velocity  of  th6 
moving  body.  Hence  follows  the  well-known  proposition,  first 
enunciated  by  Galileo,  and  generally  termed  the  CbmposUion  (f 
Velocities  :  —  The  velocity  resulting  from  two  simultaneous  ve- 
locities is  represented^  both  in  direction  and  in  amount^  by  the 
diagonal  of  a  parallelogram  constructed  on  two  straight  lineSj 
which  represent  the  direction  and  amount  of  these  velocities* 
The  reverse  of  this  must  also  be  true ;  and  any  given  motion 
may  be  considered  as  resulting  from  two  others  which  stand  in 
the  same  relations  to  it,  both  as  regards  direction  and  velocitft 
that  the  sides  of  a  parallelogram  do  to  its  diagonal.  Hence  the 
converse  proposition :  —  A  velocity  in  any  given  direction  maf 
be  resolved  into  two  others,  represented  both  in  direction  ani 
amount  by  the  two  sides  of  a  parallelogram,  of  which  the  firi 
velocity  is  the  diagonal. 

As  the  same  line  may  be  the  diagonal  of  an  infinite  number  of 
different  parallelograms,  it  follows  that  a  given  motion  may  be 
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imposed  of,  or  may  be  resolved  into,  an  infinite  number  of  dif-  . 
terent  pairs  of  uniform  motions. 

Wo  have  considered,  above,  a  motion  as  resulting  from  two 
other  xmiform  motions ;  but  a  motion  may  result  from  three  or 
more  motions.  As  these  motions  are  entirely  independent  of 
each  other,  we  can  obviously  find,  by  the  above  method,  what 
Toold  be  the  result  of  t^o  alone  ;  and  then,  by  combining  this 
resnltant  with  the  third  motion,  we  shall  obtain  a  second  result- 
ant, which  would  be  the  result  of  three  alone  ;  and  by  combining 
the  second  resultant  with  the  fourth  motion,  we  should  obtain  a 
third  resultant  ;  —  and  so  we  can  proceed  until  we  obtain  the 
final  resultant  of  all  the  motions. 

What  has  been  proved  to  be  true  in  regard  to  the  resultant  of 
two  or  more  uniform  motions,  is  also  true  in  regard  to  two  or  more 
uniformly  varying  motions,  provided  the  variations  of  both  follow 
the  same  law.  This  truth  can  easily  be  proved  in  the  case  of  two 
uniformly  accelerated  or  uniformly  retarded  motions,  by  laying 
off,  on  two  lines  representing  the  directions  of  the  motions,  the 
spaces  passed  over  during  successive  intervals  of  time,  taken  so 
SDiall  that  the  motion  during  each  interval  may  be  considered 
uniform.  We  can  thus  find  the  points  at  which  the  moving  body 
will  be  at  the  end  of  these  successive  intervals,  as  above ;  and  it 
will  then  be  easy  to  prove  that  the  resulting  motion  may  be  rep- 
resented, both  in  direction  and  velocity,  by  the  diagonal  of  a 
parallelograni^  of  which  the  two  sides  represent  the  velocities  at 
the  end  of  one  second. 

In  the  case  where  the  original  motion  is  uniform,  it  is  easy  to 
prove  that  the  resulting  motion  is  also  uniform  ;  and  where  it  is 
varying,  that  the  resulting  motion  varies  according  to  the  same 
liw  as  its  two  components.  Thus,  in  the  last  example,  the  result- 
ing motion  will  be  uniformly  accelerated  or  retarded,  as  the  case 
nmybe. 

(25.)  Curvilinear  Motion,  —  In  the  cases  above  considered, 
the  resulting  motion  is  rectilinear ;  if,  however,  any  one  of  the 
Dictions  of  which  a  compound  motion  is  composed  obeys  a  differ- 
ent law  from  the  rest,  the  resulting  motion  is  cvrvilinear.  As 
the  velocity  of  a  moving  body  may  vary  according  to  many  dif- 
ferent laws,  and  as  an  infinite  number  of  combinations  of  such 
^airing  motions  may  be  made,  an  infinite  variety  of  curvi- 
linear motions  may  result.    We  can  only  consider  here  one,  and 

3* 
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that  one  'of  the  simplest  cases,  ■which  will  serve  as  an  example 
of  the  rest.  Let  us,  then,  suppose  a  body  moving  from  o  to  m  (Fig. 
4)  with  a  uniform  motion,  oud  at  the  same  time  moving  in  the 
direction  a  n  with  a  uniformly 
accelerated  motion.  An  ex- 
ample of  such  a  motion  would 
be  tliat  of  a  cannon-ball,  fired 
horizontally  from  the  embra- 
sure of  a  fort,  at  some  lieigbt 
above  the  general  surface  of 
the  ground.  In  virtue  of  Uie 
projectile  force,  it  would  move 
horizontally  along  the  line  am 
with  a  uniform  motion,  while 
in  obedience  to  the  force  of 
gravity  it  would  rapidly  fall  to 
"*' '"  the  earth,  in  the  direction  a  n, 

with  a  uniformly  accelerated  motion.  To  find  the  path  of  the  re- 
sulting motion,  let  b  be  the  velocity  of  the  uniform  motion,  and 
D  the  acceleration  of  velocity  of  the  falling  body  for  each  second. 
LayofFon  the  line  a  m  the  distances  a^,  ^y,  ;<  J,  etc.,  each  equal 
to  0.  Lay  off  on  the  line  a  n  the  distances  ab,bc,cd,  etc.,  equal 
to  i  ti,  ^  0,  J  D,  etc.,  the  distances  throtigh  which  the  ball  will  fall  in 
successive  seconds.  Draw  through  each  of  the  points  )3,  y,  8,  etc^ 
lines  parallel  to  a  n,  and  through  6,  c,  d,  etc.,  lines  parallel  to 
a  m.  The  points  P,  Q,  R,  etc.,  where  the  first  set  of  lines  inter- 
sect the  second,  are  evidently  points  through  which  the  ball  must 
pass.  Join  these  points  by  a  curved  line,  and  this  lino  will  repre- 
sent the  path  of  the  ball.  It  is  easy  to  show  that  this  path  is  a 
parabola.  For  this  purpose,  let  the  lines  a  m  and  a  n  be  the  axes 
of  co-ordinates.  The  co-ordinates  of  aity  point,  as  s,  are  se^x 
and  s  t^y;  and  we  know  tliat  x  =  ta.  =  v  T,  and  also  y  =  ea 
=  J  »  T'.  Equating  the  values  of  T  obtiuned  from  these  equa- 
tions, we  have,  by  reduction. 


-  y- 


u 
parabola,  in  which  4;> 


Since     — —  is  a  constant  quantity,  this   is   tlie  equation  of  a 
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PROBLEMS. 

Velocity  and  Uniform  Motion, 

12.  A  locomotive  runs  36  kilometres  in  l"*-  20'.     What  is  the  velocity 
of  the  locomotive  ? 

13.  A  horse  trots  11  kilometres  in  one  hour.     What  is  his  velocity? 

14.  A  man  walks  5.6  kilometres  in  1.*^  10^     What  is  his  velocity? 

15.  From  the  extremities,  A  and  ^  of  a  straight  line  24,000  m.  long, 
two  bodies  start  at  the  same  time.  The  one  from  A  moves  in  the  direo- 
tion  A  B  with  a  velocity  of  2  m.;  the  other  from  JR  in  the  direction 
£  J,  with  a  velocity  of  3  m.  At  what  distance  from  A^  and  after  what 
time,  will  tliey  meet  ? 

16.  From  the  extremities,  A  and  B^  of  a  straight  line  am.  long,  two 
bodies  start ;  the  one  from  A,  t!'  after  the  one  from  B.  The  one  from  A 
moves  with  a  velocity  of  c  m.,  the  one  from  B  with  a  velocity  of  Cy  m.  At 
what  distance  from  A  will  they  meet  ? 

Uniformly  Accelerated  or  Retarded  Motion. 

17.  Find  the  space  through  which  a  body  falls  in  1"^  and  the  velocity 
ioqaired.     The  increment  of  velocity  each  second  is  t)  «=  9.8  m. 

18.  A  stone  falls  from  the  top  of  a  tower  to  the  earth  in  2.5''.  How 
liigfa  is  the  tower  when  D  »■  9.8  m.  ? 

19.  On  the  surface  of  the  moon,  the  increment  of  velocity  of  a  falling 
Wy  is  n  -»  1.654  ;  on  the  surface  of  the  planet  Jupiter,  tJ  «  26.243. 
Tind  the  answers  to  the  last  two  problems  with  these  values. 

20.  A  stone  is  let  fall  into  a  pit  100  m.  deep.  With  what  velocity  will 
it  strike  the  bottom  of  the  pit  ?  With  what  velocity  would  it  strike  the 
bottom  of  a  similar  pit  on  the  moon,  and  on  Jupiter  ? 

21.  A  stone  is  projected  vertically  with  a  velocity  of  50  m.  How 
lu'gh  will  it  rise  from  the  earth  ?  How  high  would  it  rise  from  the 
moon,  and  from  Jupiter?  After  how  many  seconds  will  it  again  reach 
the  ground  in  the  three  cases  ? 

22.  A  body  is  projected  vertically  from  the  bottom  of  a  tower  80  m. 
kigh,  with  a  velocity  of  48  m.  In  what  time  will  it  reach  the  top,  and 
what  will  be  its  velocity  at  that  time  ?  Also,  to  what  height  above  the 
top  of  the  tower  will  it  rise,  and  after  what  time  will  it  again  reach  the 
bottom  ? 

23.  A  body  is  projected  vertically  with  30  m.  velocity.  A  second  later, 
another  body,  with  40  m.  velocity,  is  projected  vertically  from  the  same 
point.   At  what  point  of  elevation  will  the  two  meet  ? 

24.  A  cannon-ball,  being  projected  vertically  upwards,  returned  in 
20 '  to  the  place  from  which  it  was  fired.  How  high  did  it  ascend,  and 
vhat  was  the  velocity  of  its  projection  ?  Solve  the  problem  also  for  0  «- 
1.654,  and  t)  ->  26.243. 
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FORCE. 

(26.)  Force.  —  Matter,  of  itself,  is  incapable  of  changing  its 
state,  either  of  rest  or  of  motion.  If  a  body  be  at  rest,  it  cannot 
put  itself  in  motion ;  if  a  body  be  in  motion,  it  can  neither 
change  that  motion  nor  reduce  itself  to  rest.  Any  such  change 
must  be  produced  by  some  external  cause  independent  of  the 
body.  This  quality  of  matter  we  term  Inertia;  and  the  external 
cause  we  term  Force.  In  discussing  the  origin  and  nature  of 
force  in  the  introductory  chapter,  we  used  this  word  for  the  cause 
of  all  the  phenomena  of  nature.  We  shall  use  it,  in  this  section, 
in  a  more  limited  sense,  as  meaning  ^^  any  agency  whichj  applied 
to  a  bodyy  imparts  motion  to  it,  or  produces  pressure  upon  it,  or 
causes  both  of  these  effects  together, "^^  In  studying  the  action  of 
a  force  upon  a  body,  we  must  consider  three  things.  First,  the 
point  of  the  body  to  which  it  is  applied,  its  point  of  application ; 
secondly,  its  intensity;  thirdly,  its  direction.  The  action  of 
forces  on  bodies  is  the  subject-matter  of  Mechanics.  We  shall 
only  be  able  to  consider  here  those  elementary  principles  of 
this  science  which  we  shall  have  occasion  to  use  in  this  book, 
referring  the  student  to  works  on  Mechanics  for  a  full  exposition 
of  the  subject. 

(27.)  Direction  of  Force.  —  Wlien  a  force  applied  to  any^ 
point  of  a  body  causes  it  to  move,  the  direction  of  the  motion  is 
the  direction  of  the  force.     If  the  point  cannot  move,  the  direc- 
tion of  the  force  is  the  direction  of  the  pressure  exerted  by  it,  or 
the  direction  in  which  the  point  would  move  if  it  were  free. 
When  two  or  more  forces  are  applied  to  any  point  of  a  body, 
each  of  these  produces  the  same  effect  a^  if  it  were  acting  aione. 
This  is  a  necessary  consequence  of  what  has  already  been  stated, 
in  regard  to  the  perfect  freedom  with  which  a  body  may  move  in 
several  directions  at  once.     Each  of  these  motions  may  be  the 
result  of  a  separate  force,  which  thus  acts  in  producing  motion  as 
if  it  were  acting  alone.     Hence,  also,  the  action  of  a  force  upon 
a  body  is  not  affected  by  its  condition  of  rest  or  motion,  because 
the  result  which  it  produces  is  by  the  above  principle  entirely  in- 
dependent of  the  motions  which  other  forces  have  impressed  upon 
it.     For  example,  if  a  body  moving  with  a  given  velocity,  under 
the  influence  of  a  given  force,  is  suddenly  acted  upon  by  another 
and  equal  force,  in  a  direction  at  right  angles  to  the  first,  it  will 
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moTe  in  the  new  direction  with  the  same  velocity  as  if  it  had 
been  previously  at  rest.  The  path  it  describes  can  be  found  by 
combining  the  two  motious  according  to  the  principles  already 
described. 

It  follows  from  this  principle,  that  a  body  under  the  in- 
fiuence  of  a  force  which  is  constant^  both  in,  direction  and 
intensity^  moves  with  a  uniformly  accelerated  velocity.  That 
this  must  be  the  case  can  be  seen  by  reflecting  that,  if  this 
force  imparts  to  the  body  a  velocity  0  during  the  first  second, 
it  will,  from  the  principle  just  stated,  impart  the  same  velocity 
during  each  succeeding  second.  At  the  end  of  the  second 
second,  the  body  will  then  have  the  velocity  gained  during  two 
seconds,  or  2  0 ;  at  the  end  of  the  third  second,  it  will  have 
the  velocity  gained  during  three  seconds,  or  3  0 ;  and  so  qu. 
In  other  words,  the  velocity  will  be  proportional  to  the  time, 
which  is  the  characteristic  of  uniformly  accelerated  motions. 
The  reverse  of  this  also  must  be  true  ;  that  is,  a  body  moving 
viik  a  uniformly  accelerated  velocity  in  a  straight  linCj  must  be 
^ti»der  the  influence  of  a  force  of  constant  intensity  acting  in  the 
Hrection  of  its  motion. 

If,  when  a  body  has  acquired  a  given  velocity,  the  force  ceases 
to  act,  the  body  will  continue  to  move  with  the  same  velocity  and 
in  the  same  direction  whicli  it  had  when  the  action  of  the  force 
wased;  in  other  words,  it  will  have  a  uniform  motion,  and  the 
nation  will  continue  imtil  it  is  arrested  by  an  equivalent  force, 
iteting  for  an  equal  time  in  the  opposite  direction.  This,  which 
is  a  necessary  consequence  of  the  principle  of  inertia,  is  illus- 
frated  by  many  familiar  facts.  A  train  of  cars  continues  to 
moTe  after  the  action  of  the  steam  has  ceased,  and  until  tlie  fric- 
tion of  the  wheels  and  the  resistance  of  the  atmosphere  destroys 
the  motion.  Were  it  not  for  these  opposing  forces,  a  body  once 
set  in  motion  on  the  earth  would  continue  to  move  indefinitely 
with  the  same  velocity,  and  in  the  same  direction,  which  it  had 
when  the  force  which  produced  the  motion  ceased  to  act.  This 
does  not  admit  of  direct  experimental  illustration  ;  because,  on 
the  surface  of  the  earth,  we  can  never  entirely  remove  a  body  from 
the  influence  of  the  resistance  of  the  air  or  of  friction.  But 
even  here,  the  more  completely  these  influences  are  removed,  the 
longer  motion  continues ;  and  in  the  heavenly  bodies,  where  they 
do  not  exist,  at  least  to  any  sensible  degree,  the  motion  is  per- 
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pctual.  A  uniform  motion  in  a  straight  line  does  not,  ilierefore, 
necessarily  imply  the  existence  of  a  force  still  acting ;  it  only 
shows  tliat  a  force  lias  acted  at  some  previous  time.* 

(28.)  Equilibrium.  —  When  two  or  more  forces  are  acting  on 
a  body,  or  on  a  system  of  bodies,  in  such  a  way  that  they  exactly 
balance  each  other's  effects,  they  arc  said  to  be  in  equilibrium. 
Forces  so  adjusted  will  not  communicate  motion  to  a  body  at  rest, 
or  alter  its  motion,  if  already  in  motion.  That  portion  of  the 
science  of  Mechanics  wliich  treats  of  the  conditions  of  equilibri- 
nm,  is  termed  Statics  ;  that  part,  of  which  the  object  is  to  deter- 
mine the  motion  wliich  a  body  assumes  when  the  forces  which 
are  applied  do  not  constitute  an  equilibrium,  is  called  Dynamics, 

(29.)  Measure  of  Forces.  —  We  conceive  of  forces  as  having 
different  intensities,  and  hence  as  quantities,  which  can  be  ex- 
pressed in  numbers,  selecting  one  of  them  as  the  unit.  As, 
Ijpwever,  we  only  know  forces  through  their  effects,  we  can  only 
coippare  them  together  by  comparing  their  effects ;  that  is,  by 
comparing  together  the  amounts  of  motion  they  cause,  or  tlie 
amounts  of  pressure  they  exert.  Let  us  then  seek  for  a  measure 
of  force  in  the  amount  of  motion  which  it  causes.  In  discussing 
this  subject  we  can  assume  as  axioms,  —  first,  that  two  forces 
are  equal  which  will  give  equal  velocities  to  equal  amounts  of 
matter  in  the  unit  of  time;  secondly,  that  two  forces  are  equal 
whichy  when  applied  in  oj)posite  directions  to  any  point  of  the 
same  body^  or  to  any  two  points  situated  in  the  line  of  the  forces 
and  inseparably  united^  leave  it  at  rest.  The  following  proposi- 
tions can  now  be  easily  proved. 

Proposition  1.  Tico  constant  forces^  which  in  the  unit  of  tim^. 
impart  to  unequal  masses  of  matter  equal  velocitieSy  must  be  to 
each  other  as  these  masses.  Let  us  suppose  that  we  have  n 
equal  masses  of  matter,  each  represented  by  m,  on  which  are 
acting  n  equal  forces  in  directions  parallel  to  each  other,  each 
represented  by  /.     By  the  axiom  above,  each  of  these  masses 


•  This  statement  does  not  apparently  a^ri'ee  with  the  principle  of  the  introductorv 
chapter,  in  which  it  is  maintAined  that  all  phenomena  imply  a  continaoaslj  actin;^ 
cause ;  but  it  must  be  remembered  that  rest  und  motion  are  merely  relatiTe  terms, 
and  that  the  Ia>i  is  as  mach  a  state  or  condition  of  matter  as  the  drsi.  Any  change 
of  condition,  whether  from  rest  to  motion,  from  motion  to  rest,  or  from  one  mode  of 
morion  to  another,  implies  the  intervention  of  some  force ;  bat  the  mere  continnance 
in  a  £riren  conditi<.>n  implies  a  continaoashr  acting  cause  only  ao  fiu*  as  such  a  caose 
i<  implied  by  the  cootinoed  existence  of  all  created  things. 
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wfll  receive  the  same  velocity  in  the  unit  of  time  ;  they  will,  there- 
fore, all  move  in  the  same  direction  and  with  the  same  velocity, 
and  must  preserve  the  same  relative  position.     We  may  then 
regard  them  as  united  in  a  single  body,  whose  mass  is  equal  to 
n  X  m,  on  which  is  acting  a  force  equal  to  n  X  /.     Hence  it 
follows,  that  the  force  n  X  f  will  give  to  the  mass  n  X  ni  the 
same  velocity  that  the  force  /  will  give  to  the  mass  m.    It  is  evi- 
dent that 

n  X  f  :  /=  n  X  m  :  m. 

To  make  this  proof  more  general.  Let  M  and  31'  represent  the 
two  masses  of  matter,  which  we  will  suppose  to  be  commensu- 
rable, and  let  m  be  their  common  measure  ;  so  that 

M=  n  m,    and     M'  =  n'  m. 

Bepresent  by/  the  value  of  the  force  whicli  will  impart  to  m  the 
given  velocity  in  the  unit  of  time ;  then,  by  what  precedes, 

nf  will  give  the  same  velocity  to  n  m,  or  Jkf,  and 
n'f  "  "  "  »'  w,  or  M\ 

Bcpresent  nf  by  F,  and  n'/  by  F\  and  we  have 

nf  :  n'f=  nmin'm^    or     F :  F'  =  M :  M'j      [11.] 

vhich  was  to  be  proved.     If  the  masses  are  not  commensurable, 

ve  can  take  m  infinitely  small. 
Proposition  2.    Two  constant  forces,  which  in  the  unit  of  time 

ioipart  to  eqtial  masses  of  matter  unequal  velocities j  must  be 
r  to  each  other  as  these  velocities.  Represent  the  two  forces  by 
F  and  F',  which  we  will  suppose  to  be  commensurable,  and  let 
/be  their  common  measure  ;  so  that  F=  n/,  and  F'  =  n'  f 
Represent  also  by  v  and  v'  the  velocities  which  these  forces  re- 
stively impart  to  the  common  mass,  -M,  in  the  unit  of  time. 
The  force  /  will  be  capable  of  imparting  to  -Sf  a  velocity,  which 
ve  will  represent  by  v".     It  follows  now,  from  the  last  proof, 

that  F  =  n/will  impart  to  Jlf  a  velocity  n  v"  =  xj,  and 

tliatJP'=n'/         "  "  "         n'v"z=v'; 

hence, 

nf:n'f=nv":n'v'\    or    F:  F'  =  v:v'.         [12.] 

Proposition  3.  T\vo  constant  forces  are  to  each  other  as  the 
products  of  the  masses  by  the  velocities  which  they  impart  to 
\ke%e  masses  in  the  unit  of  time.     Let  F  and  F'  be  the  two  forces 
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acting  on  the  masses  M  and  M\  and  imparting  to  them  the 
velocities  o  and  d'  in  the  unit  of  time.  Represent  by  /  a  force 
which  imparts  to  the  mass  M  the  velocity  t)'  in  the  unit  of  time. 
JFand  /  are,  then,  two  forces  which,  in  the  unit  t)f  time,  impress 
on  equal  masses,  M  and  M^  unequal  velocities,  0  and  v' ;  hence, 
from  Proposition  2, 

F:/=v  :  V'. 

Moreover,/  and  F'  are  two  forces  which  impress  on  unequal 
masses,  M  and  iV,  equal  velocities,  v'  and  tJ' ;  hence,  from  Prop- 
osition 1, 

f:F'  =  MiM'. 

Multiplying  the  two  proportions,  term  by  term,  we  obtain 

Fi  F'  =  Mx^:  M'V,  [13.] 

which  was  to  be  proved. 

In  order  to  measure  a  force,  we  have  then  only  to  select  some 
one  force  for  our  unit,  and,  by  Uie  principles  of  the  above  propo- 
sitions, compare  all  other  forces  with  it.  We  will  then  assume, 
as  the  vnit  of  force  j  that  force  which,  acting  on  the  unit  of  mass 
during  one  second,  will  impress  upon  it  a  velocity  of  one  metre, 
or  that  force  which  causes  an  acceleration  of  one  metre  in  the 
velocity  of  the  unit  of  mass  each  second.  If  then  a  given  force, 
Fy  acting  during  one  second;  impresses  on  a  given  mass  of  mat- 
ter, Jtf,  a  velocity,  t),  we  can  easily  find  the  relation  it  bears  to 
the  unit  of  force  by  the  above  proportion, 

F:  F'  =  Mv:  M' V. 

If  F'  is  the  unit  of  force,  then,  by  definition,  ilf'  and  t>'  are  both 
equal  to  unity ;  and  tlie  proportion  gives 

F=Mv.  [14.] 

It  will  be  remembered  (21),  that  the  quantity  V  is  termed 
technically  the  acceleration.  Hence,  the  measure  of  a  force  is 
the  product  of  the  mass  moved  by  the  acceleration.  For  example, 
if  tho  mass  moved  is  equal  to  four  units  of  mass,  and  the  accel- 
eration is  equal  to  six  metres,  the  intensity  of  the  force  is  equal 
to  twenty-four  ;  that  is,  the  intensity  of  the  force  is  twenty-four 
times  as  groat  as  the  unit  of  force. 

If  a  constant  force  continues  to  act  upon  a  body  during  a  given 
time,  it  imj^rts  to  it  each  second,  as  we  have  seen,  as  much  ve- 
l^xnly  as  it  gave  to  it  the  first.     This  velocity  we  have  called  the 
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acceleration,  and  represented  by  o.     At  the  end  of  T  seconds  the 
velocity  is  T  u,  which  has  been  represented  by  t).     If  now  the 
force  ceases  to  act,  the  motion  becomes  uniform,  and  the  body 
continues  to  move  with  Uie  velocity  t)  =  T  t).     In  order  to  stop 
this  motion,  it  would  be  necessary  to  apply  to  the  body,  in  an  op- 
posite direction,  a  force  of  the  same  intensity,  for  an  equal  time. 
If  M  represents  the  mass  of  the  body,  M  t)  represents  the  inten- 
sity of  the  original  force  ;  and  hence  it  would  require  a  force  of 
the  intensity  Mt  acting  during  T  seconds  to  destroy  the  mo- 
tion.   Evidently,  however,  the  same  effect  could  be  produced  by 
a  force  of  T  times  the  intensity,  acting  for  one  second.     The 
intensity  of  this  force  would  be 

TMt  =  M\).  [15.] 

Hence  the  product  of  the  mass  of  a  body  by  its  velocity  repre- 
sents the  intensity  of  a  force  which,  acting  during  one  second, 
will  bring  the  body  to  rest.  This  product  is  usually  called  the 
mmentum  of  a  moving  body.  We  say,  for  example,  that  a  body 
whose  mass  is  equal  to  five  luiits,  and  which  is  moving  with 
a  velocity  of  four  metres,  has  a  momentum  eq}ial  to  20 ;  and 
we  mean  by  this,  that  it  would  require  a  force  twenty  times  as 
intense  as  the  unit  of  force,  and  acting  for  one  second  in  a  direc- 
tion opposite  to  that  of  the  motion,  to  bring  the  body  to  rest. 
The  momentum  is  also  frequently  called  the  moving  force  of  the 
Wdy,  because  it  not  only  represents  the  intensity  of  the  force  re- 
quired to  overcome  its  motion,  but  also  because  the  body  itself 
would  exert  a  force  of  this  intensity  against  any  obstacle  tending 
to  resist  its  motion.  In  this  view,  momentum  may  be  regarded 
as  representing  the  accumulated  intensity  of  force  in  a  body  ;  the 
product  M  0  representing  the  intensity  of  force  in  a  body  after 
one  second  ;  the  product  M  t)  representing  the  accumulated  in- 
tensity after  T  seconds.  ^ 

It  must  be  carefully  noticed,  that  we  have  considered  in  this 
section  solely  the  measure  of  the  intensities  of  forces,  and  not 
the  measure  of  their  quantities.  The  quantity  of  a  force,  or,  as 
tliis  is  frequently  called,  its  power ^  is  measured  in  a  different 
way,  as  will  be  shown  in  (42).  In  this  woik,  we  shall  have  to 
deal  almost  solely  with  the  intensities  of  forces,  and  when  the 
measure  of  force  is  referred  to,  it  must  be  always  understood 
to  mean  the  measure  of  its  intensity^  unless  the  reverse  is  ex- 
pressly stated. 
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COMPOSITION   OP   FORCES. 


(30.)  Components  and  Resultant.  —  In  mechanical  problein 
we  frequently  have  two  or  more  forces  acting  at  once  on  the  sam 
point  of  a  body,  or  on  several  poiuts  which  are  immovably  unitei 
together  ;  and  it  becomes  important  to  consider  what  will  be  thei 
combined  effect.  This  problem,  which  is  termed  the  compositm 
of  forces^  reduces  itself  to  that  of  finding  the  direction  am 
amount  of  a  single  force  which  would  produce  the  same  motioi 
as  that  resulting  from  the  action  of  all  the  forces  combined 
This  single  force  is  called  the  resultant,  and  the  forces  to  whici 
it  is  equivalent  in  effect  are  called  its  components.  It  follows 
from  this  definition,  that  a  force  is  mechanically  equivalent  t 
the  sum  of  its  components,  and,  on  the  other  hand,  that  an; 
number  of  forces  are  mechanically  equivalent  to  their  resultant 
because,  as  we  only  know  forces  through  their  effects  in  pro 
ducing  motion,  any  forces  which  produce  the  same  motions  ar 
to  us  equivalent. 

(31.)  Forces  may  be  represented  by  Lines.  —  The  unit  o 
force  has  been  defined  as  that  force  which  causes  an  acceleratioi 
of  one  metre  in  the  motion  of  the  unit  of  mass  each  second ;  and 
further,  it  has  been  shown  that  the  product  of  the  mass  moved 
by  the  acceleration,  is  the  number  of  units  of  force  to  which  an; 
given  force  is  equivalent.  If,  then,  we  represent  the  unit  c 
force  by  a  line  one  centimetre  long,  any  other  force  will  be  reprc 
sented  by  a  line  as  many  centimetres  long  as  the  number  whicl 
is  obtained  by  multiplying  the  mass  it  moves  by  the  acceleratioi 
it  imparts  each  second.  Moreover,  since  these  lines  may  be 
made  to  represent  the  directions  as  well  as  the  amounts  of  the 
forces,  tlie  problems  of  resolution  of  forces  may  be  reduced  to 
problems  of  geometry. 

(32.)  The  point  of  application  of  a  force  may  be  changed  to 
any  other  point  of  the  body  on  the  line  of  the  direction  of  the 
force,  without  altering  in  any  respect  the  action  of  the  force  on 
the  body,  provided  only  that  the  two  points  are  immovably  unitec 

together.  The  truth  of  this  propositioi 
seems  almost  self-evident ;  for  it  amount) 
only  to  this,  —  that  a  given  force  acting 
in  the  direction  A  B  (Fig.  5)  will  pro 
^**  ^'  duce  the  same  effect,  whether  it  is  applie< 
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in  pmhing  the  bod;  forward  at  A,  or  ia  pulling  it  forward  from 
B.  Tlie  following  illustration  ma;  make  the  matter  still  clearer. 
Ve  vill  assume  that  the  force  applied  at  A  is  equal  to  five  units 
of  force,  and  is  in  the  direction  jl  B.  We  will  now  apply  two 
fcroe9,each  of  the  same  value  as  the  last,  to  tlie  point  B  \  one  in 
the  direction  A  B,  and  the  otlier  in  tlie  direction  B  A,  as  we  can 
obrioufily  do,  without  changing  the  condition  of  the  body.  The 
wcond  of  tliese  forces  will,  by  the  axiom  of  (29),  exactly  couuter- 
tdance  the  force  applied  at  A,  and  we  shall  then  have  left  a 
force  of  6ve  units  applied  at  B,  and  acting  in  tlie  direction  A  B, 
producing  an  equivalent  eSect  to  tliat  of  the  first  force. 

(38.)  Resultant  of  Forces  in  the  same  Straight  Line. — The 
resultant  of  a  number  of  forces  acting  in  the  same  straight  line 
OQ  a  point  of  a  body,  is  obviously  equal  to  the  sum  of  the  forces 
Kting  in  one  direction  less  the  fum  of  the  forces  acting  iu  the 
oppDGite  direction  ;  and  this  resultant  is  in  the  direction  of  the 
latest  sum.  If,  for  example,  we  have  three  forces  applied  to 
4e  point  A  (Pig-  6)  iu  the  direction  A  B,  equal-  respectively  to 
4,  6,  and  7  units,  and  two  forces  iu  the  opposite  direction  equal 
(0 18  and  10  units,  then  the  resultajit  force  will  be  equal  to 
(4  ^.  6  +  7)  „  (18  4-  10)  =  — 11  units,  and,  as  the  nega- 
tive sign  indicates,  will  act  in  the  direction  B  A.  The  validity 
of  Ais  principle  follows  from  the  fact,  that  each  force  acts  as  if 
itirere  the  only  force  acting  (27).  As  was  shown  in  the  last 
swlion,  it  is  unimportant  whether  all  tlie  forces  are  applied 
>t  i,  or  whether  they  are  applied  at  different  points  along  tlie 
iine^l  B. 

(34.)  Resultant  of  Forces  acting  in  differ- 
tM  Directions,  but  applied  at  the  same  Point, 
w  Paraltelogram  of  Forces.  —  Let  us  sup- 
pose that  we  have  two  forces,  F'  and  F", 
applied  to  the  point  A  (Fig.  6),  in  tlie  di- 
reciious  A  b  and  A  b'  respectively,  and  let  us 
inquire  what  will  be  tlieir  resultant.  It  has 
already  been  proved,  that  two  forces  acting 
on  tiie  same  or  equal  masses  of  matter  are 
to  each  other  as  the  accelerations ;  or, 

F'  :  F"  =  v-  :  o". 

"Uat  therefore  is  true  in  regard  to  the  two 


40  CHEMICAL  PHYSICS. 

Telocities  must  be  true  relatiyely  in  regard  to  the  two  forces, 
so  that  if  we  can,  hj  any  metliod,  find  the  resultant  of  the  two 
Telocities,  this  same  method  will  give  us  tlie  resultant  of  tlie  two 
forces.  Now  it  has  been  proved  (24),  that  tlie  resultant  of  two 
velocities  is  represented,  both  in  direction  and  amount,  bj  tin 
diagonal  of  a  parallelogram  whose  sides  represent  the  directions 
and  velocities  of  the  two  motions ;  and  hence  it  follows,  that  tk 
resultant  of  two  forces  is  represented^  both  in  direction  and  iih 
tensity y  by  the  diagonal  of  a  paraJieiogram  whose  sides  represeM 
the  directions  and  intensities  of  the  component  forces.  The  re- 
sultant of  two  forces  can,  therefore,  always  be  found  by  a  Tcry 
easy  geometrical  construction.  It  can  also  be  calculated ;  for  wo 
have,  by  a  well-known  principle  of  trigonometry,  from  Fig.  6, 

AC"  =  aW  +BC"  —  2  AB  .BC  .cosABC; 

or,  since  BAB'  =  180*  —ABC,  and  therefore  cos  il  jB  C« 
—  cos  B  A  B'y  we  have 

AC"  =13"  +BC*  +  2AB  .  BC  cos  BAB'. 

Representing  the  two  component  forces  by  jF'  and  JF",  their  re- 
sultant by  F^  and  the  angle  between  the  components  by  a,  the 
last  equation  becomes 

F^  =  r'  +  F"'  +  2F'  F"  cos  a.  [16.] 

In  many  cases  with  which  we  meet  in  nature,  the  directions  of  <he  ^ 
two  components  make  a  right  angle ;  then  the  last  term  of  [14] 
disappears,  and  the  equation  becomes 

F^  =  F*^  +  F"\  [17.] 

(35.)  Decomposition  of  Forces,  —  As  any  given  motion  nttj 
be  the  result  of  an  infinite  number  of  pairs  of  motions  (24),  so 
any  given  force  is  the  equivalent  of  an  infinite  number  of  paiff 
of  forces.  It  follows  from  what  has  been  proved  above,  tW 
we  can  replace  a  given  force  acting  on  the  point  A  (Pig.  7),  9sA 
represented  in  direction  and  intensity  by  A  P,  by  the  two  forces 
represented  by  either  of  the  pairs  of  lines  A  B  and  AB^AO 
and  .4  C\  A  D  and  .4  2>,  .4  E  and  A  E,  or  indeed  by  any  other 
pair  of  forces  which  can  be  represented  by  the  sides  of  a  p•^ 
allelogram,  of  which  the  line  representing  the  given  force  tf 
the   diagonal.     As  the  sides  of  a  parallelogram  may  have  any 
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Agnlar  position  vhatsoever  with  reference  to  the  diagonal,  it 
oUovrs  that  a  given  force  may  be  decomposed  into  two  others  in 
iny  required  directions.     If,  then,  the  value  of  a  force  in  units, 
tnd  two  directions,  are  given, 
the  value   in   units   of  two 
compoaents   in   these    direo- 
tious  can  always   be  found. 
The  problem  can  be   solved 
geometrically  thus.     Draw  a 
line,  A  C(Fig.  6),  as  many 
centimetres    long    as    there 
tR  units  iu  the  given  force. 
Draw  two  indefinite  lines,  A  b 
tod  A  b',  in  the  required  di- 
lutions,  making  the   given 

tBgles  with  A  C.  Finally,  draw  through  C  Unes  parallel  to 
^6  and  Ab".  These  lines  will  intersect  the  first  at  the  points 
B  and  B',  and  the  length  in  centimetres  ot  A  B  and  A  B'  thus 
determined  will  be  the  values  in  units  of  the  required  forces. 

The  problem  can  also  be  solved  by  trigonometry.  Denote  the 
*alue  in  units  of  the  given  force  by  F,  and  those  of  the  required 
Components  by  x  and  y.  Denote  also  the  angles  which  x  and  t/ 
in  required  to  make  with  F  by  a  and  ^  respectively.  In  tlie 
triangle  A  B  C,ve  have 

AB:  A  C=  sin  A  CB  -.sin  ABC; 
ini  also,  since  AB'  =  B  C, 

AB' :  A  C=  sia  B  AC:  eia  AB  C. 
Sabstituting  in  these  proportions  the  equivalent  values  A  B  =  x, 
^B'=y,  BA  C=a,  4CB  =  y3,^5C=180°  — (o  +  )3), 
they  become 

i::F=sin^  :  sin(a-j-^),  and  y  :  i^=3ina:  8in(a+^). 
Hence, 


ein  j> 


[18.] 


Vhen  the  two  components  are  at  riglit  angles  to  each  other,  then 
a  +  ^  =  9<r,  and 

z  =s  Fein  ^,     and     y  =  ^P  sin  a.  [19-] 
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The  decomposition  of  a  force  into  two  others  is  very  frequently 
applied  in  mechanics,  in  order  to  deteimine  the  action  of  a  force 
when  it  docs  not  act  in  the  direction  in  which  its  point  of  appli- 
cation moves.     The  case  of  a  canal-boat  affords  an  illustration  ot 

its  application.  The  power  is 
applied  to  the  boat  at  the 
point  A  (Fig.  8),  through  the 
cord  A  (7,  which  is  attached 
at  the  other  end  to  the  horses 
on  the  tow-path.  The  boat  is 
prevented  from  approaching 
the  bank  by  the  action  of  the  rudder,  and  can  only  move  in  the 
direction  A  a.  Knowing  the  force  exerted  in  the  direction  Af, 
and  the  angle  a,  it  is  required  to  find  the  effective  force  by  which 
the  boat  is  propelled.  Decompose  the  force  F  into  two  com- 
ponents, X  in  the  direction  A  a,  and  t/  in  tlie  direction  A  b.  The 
last  force  is  balanced  by  the  resistance  of  the  water ;  but  the 
first,  acting  in  tiie  direction  of  least  resistance,  that  of  the  boat's 
length,  propels  it  through  the  water.  This  force,  or  Zy  is  equal  to 
F  cos  a,  and  will  evidently  be  larger  as  the  value  of  a  is  smaller, 
or,  in  other  words,  as  the  towing-line  is  longer. 

It  follows,  from  what  has  been  said,  that  a  force  can  produce 
motion  in  any  direction  between  its  own  original  direction  and 
one  perpendicular  to  it.  It  cannot  produce  motion  in  a  direction 
perpendicular  fo  itself,  because,  as  can  be  easily  deduced  from 
[18],  the  perpendicular  resultant  would  in  such  a  case  be  equal 
to  zero. 

In  general,  when  the  point  of  application  is  made  to  move  ia 
a  different  direction  from  that  of  the  force  applied  to  it,  the  ^Stjfl^ 
of  this  force  is  determined  by  resolving  the  force  into  two 
one  in  the  new  direction,  which  represents  the  eJOTect  aougbfc  j^ 
other  perpendicular  to  it,  which  is  destroyed  hj  the 
the  motion  in  that  direction. 

(3G.)  Composition  of  several  Forces  acting  in  differeM 
rections,  — Tlie  course  of  reasoning  used  above,  in  r^putl 
the  composition  of  two  forces,  applies  equally  to  the  composi- 
tion of  any  number  of  forces  acting  on  the  same  point.  Hence, 
tlie  resultant  of  several  forces  can  be  found  in  the  same  way  as 
the  resultant  of  several  motions  (24).  Let  us  suppose,  for  ex- 
ample,  that  the   forces   acting  on  the  point   O  (Fig.   9)   are 
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repreauited  both  in  directioD  and  amount  hy  the  lines  OA,  OB, 

OC,  and  O  D.  We  C8U  find  their  resultant  in  tlie  following 
miziiier.  We  first  seek  the  resultaut,  O  r,  ot  O  A  and  0  B. 
Tlie  force  represented  by  this  line 
being  in  all  respects  equivalent  to 
ill  two  components,  we  can  com- 
pile it  with  O  C  and  obtain  a  sec- 
oud  resultant,  O  r'.  This  result- 
ut,  combined  with  tlie  last  force, 
Oi),  will  give  tie  the  final  resultant 
of  all  the  forces. 

the  trigonometrical  formula  of 
(35)  can  easily  be  applied  by  the 
Etttdent,  in  solving  problems  ou  the 
composition  of  several  forces. 

(37.)  Composition  of  Parallel  Forces.  —  We  will  consider,  in 
&e  first  place,  the  case  where  there  are  Uit  two  parallel  forces, 
F-  and  F'\  Let  A  and  B  (Figs.  10, 11)  be  the  points  of  appli- 
cuion  of  these  forces,  which  are  immovably  united.  Join  these 
jrants  by  tlie  line  A  B.  Draw  the  parallel  lines  A  P  and  B  Q, 
io  as  to  represent  the  direction  and  intensities  of  the  two  forces 
f'  and  F",  respectively.  In  Fig.  10,  the  forces  are  supposed  to 
let  in  the  same  direction,  and  in  Fig.  11  in  opposite  directions. 
The  figures  have  been  so  lettered,  that  the  following  demonstra- 
tion applies  equally  to  both  cases.  AVc  wish  to  find  the  direc- 
tioD,  the  intensity,  and  the  point  of  application  of  a  single  force, 
F,  wjiich  would  bo  equivalent  to  the  tWo  forces  F'  and  F", 


nc.10. 

Apply  to  the  points  A  and  fi,  and  in  the  direction  of  the  line 
Qniting  them,  two  equal  and  opposite  forces,/'  and/",  which  we 
will  represent  by  drawing  A  S^f,  and  B  S=f".  As  tliese 
forces  exactly  balance  each  otiier,  they  cauuot  change  the  ve- 
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locit;  or  the  directiou  of  the  motion  resultiog  from  the  parallel 
forces  F'  and  F",  and  hence  will  not  affect  our  demonstration. 
The  line  A  r,  found  l^y  completing  the  parallelogram  A  Sr  P, 


DsU- 


evidently  represents  the  direction  and  intejisity  of  the  resultant 
of  the  two  forces  F'  and  /',  and  the  line  B  I  the  direction  and 
intensity  of  the  resultant  of  the  two  forces  F"  and/".    Produce 
these  lines  until  they  cross,  at  a  point  m.     By  (32)  it  foUom 
that  the  effect  of  these  resultants  is  the  same  as  if  tliey  were  bolb 
applied  directly  to  tlie  point  m,  in  the  directions  vi  A  and  m  B. 
We  can  now  decompose  each  of  these  resultants,  at  the  point  *, 
into  two  components  parallel,  and  hence  also  equal,  to  the  origi- 
nal forces  F'  and/',  F"  and/".    The  two  components  parallel 
and  equal  to  A  S  and  B  S  will  be  applied  to  the  point  m  in  op- 
posite directions;  and  since,  by  construction,  ^  S  is  equal  to 
B  S,  these  two  components  must  also  be  equal,  and  will  therefore 
neutralize  each  other.     The  two  components  parallel  and  equil    ^ 
to  -4  P  and  B  Q  will  also  both  be  applied  at  the  point  m.    In    - 
Fig,  10,  where  the  original  forces  were  in  the  same  direction,  the   ^ 
two  components  will  be  in  the  same  direction,  and  will  cons[aR 
to  move  the  point  m  in  the  direction  m  C.     In  Fig.  11,  where 
the  original  forces  were  in  opposite  directions,  the  two  compD-    ^ 
nents  will  be  in  opposite  directions,  and  will  tend  to  move  the 
point  m  in  the  direction  of  the  greater  component  with  a  force 
equal  to  tiieir  difference.     Hence,  the  final  resultant  will  be  i    ., 
force  in  the  dii'ection  m  C,  parallel  to  the  original  forces,  in  the    ; 
one  case  equal  to  their  sum,  and  in  the  other  to  their  difference. 
The  point  of  application  of  this  force  may  obviously  be  transferred 
to  tlie  point  C,  without  altering  the  conditions  of  its  action. 

To  find  tlie  position  of  the  point  C.  By  construction,  the  sides 
of  the  triangle  A  Pr  are  parallel  to  those  of  the  triangle  m  CA, 
and  likewise  the  sides  of  the  triangle  B  Q  t  are  parallel  to  those 
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lie  triafl^Ie  m  C  Bj  and  hence  their  homologous  sides  are  pro- 
ional ;  so  that  we  have  the  proportions, 

AC:fnC=rP:AP,    and     B  C :  m  C  =z  t  Q  :  B  Q. 
haTBy  bj  construction, 

>m4S— f  Q=£S=/S     ilP  =  jF',    and    JBQ=F"; 
|L  j^ .  rabstitatioxiy 
•ifCz  m  Cs=:f'  :  jF',    and    B  C:m  C=f"  :  F"; 


7'  =  *f7 


%C=A  C^,  =  BC^,  ,    or    ACXF'=BCXF"\ 


A  C:  BC^F":  F'.  [20.] 

nee  it  appears  that,  when  the  two  forces  have  the  same  direo- 
Q,  as  in  Fig.  10,  the  point  of  application,  C7,  of  the  resultant 
ce  divides  the  straight  line  A  j5,  which  joins  the  points  of  ap- 
:ation  of  the  components,  into  two  parts,  which  are  inversely 
)portional  to  the  amounts  of  the  given  forces.  When,  on  the 
ler  hand,  the  forces  are  in  opposite  directions,  as  in  Fig.  11, 
i  point  of  application  of  the  resultant  is  still  on  the  same  line, 
t  beyond  the  point  of  application  of  the  larger  of  the  compo- 
[its,  and  at  distances  from  the  points  A  and  By  which  are,  as 
fore,  inversely  proportional  to  the  intensities  of  the  two  forces. 
ir  general  result,  then,  is  the  following :  — 
I.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
i  same  direction.  1.  The  intensity  of  this  resultant  is  equal 
the  sum  of  the  intensities  of  its  components.  2.  The  direc- 
n  is  the  same  as  the  common  direction  of  the  components. 
The  point  of  application  divides  the  line  joining  the  points  of 
plication  of  the  components  into  two  parts ^  which  are  inversely 
rportional  to  the  intensities  of  the  forces. 
[J.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
x>site  directions.  1.  The  intensity  of  this  resultant  is  equal 
the  difference  of  the  intensities  of  its  components.  2.  The 
ection  is  the  same  as  that  of  the  larger  component.  3.  The 
nt  of  application  is  on  the  line  joining  the  points  of  apj)lica' 
t  of  the  components^  produced  beyond  the  point  of  application 
the  larger  of  the  twOj  and  is  at  distances  from  these  points 
'rh  are  inversely  proportional  to  the  intensities  of  the  given 
"es. 
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It  follows,  from  the  nature  of  a  resultant  force,  thff  a  force 
applied  at  C,  Figs.  10, 11,  which  is  equal  and  opposite  to  the  re- 
Eultaiit  of  the  two  forces  F  and  F',  ought  exactly  to  balance  this 
resultant.  This  obvious  truth  will  enable  us  to  put  the  validity 
of  our  conclusions  to  the  test  of  experiment.  The  experiment 
may  be  arranged  as  in  Fig.  12.  Paiid  P'  are  two  points  at 
the  ends,  for  example,  of 
a  wooden  rod.  To  these 
points  are  attached  cords, 
which,  passing  over  the  two 
pulleys  M  and  M',  are  at^ 
tachtd  to  the  two  weights 
A  and  A'.  A  third  weight, 
R,  is  suspended  by  means 
of  a  looped  cord  to  tho  rod, 
so  that  it«  position  can  be 
easily  shifted.  In  this  ex- 
periment the  weights  cor- 
respond to  tlie  forces  F'  and 
P"  of  Fig.  10,  while  the  cords  indicate  the  directions  in  which 
the  forces  act.  By  varjang  the  amount  of  the  weights,  and  also 
the  position  of  the  weight  R  on  the  rod,  it  will  be  found  that 
equilibrium  can  be  maintained  only  when  the  conditions  above 
stated  are  fulfilled.  Thus,  if  the  weigfit  R  be  20  grammeB, 
the  sum  of  tho  weights  A  and  A'  must  also  be  20  grammes.  If 
A'  is  equal  to  12  grammes,  then  A  must  equal  8,  and  tho  podtion 
of  the  loop  on  the  rod  must  be  such,  that  O  P'  shall  be  to  O  P 
as  8  is  to  12.  If,  then,  the  distance  P P'  is  equal  to  20 cm., 
the  distance  P  O  will  be  12  c.  m.,  and  P'  0  will  be  8  c.  m. 

Tliis  same  experiment  also  illustrates  the  case  represented  in 
Fig.  11,  where  the  two  components  are  acting  in  opposite  direc- 
tions ;  for,  as  the  system  of  weights  is  in  equilibrium,  it  follows 
that  the  force  exeiled  by  any  one  may  be  regarded  as  equal  in 
intensity  to  the  resiiltant  of  the  other  two ;  this  resultant,  how- 
ever, acting  in  tlic  opposite  direction  to  tlie  force  exerted  by  tlie 
weight.  Hence,  we  may  consider  the  forces  exerted  at  the  points 
O  and  P'  to  be  the  components  of  a  force  equal  to  that  exerted 
by  the  weight  at  P,  but  in  a  direction  opposite  to  PM.  Taking 
the  values  of  the  weights  when  the  system  is  in  equilibrium,  as 
given  above,  it  is  evident  that  the  amount  of  the  resultant,  and 
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the  position  of  its  point  of  application,  S,  are  the  same  as  would 
be  found  by  the  rule ;  for,  in  the  first  place,  the  weight  A  is 
equal  to  the  difference  of  the  two  weights  R  and  A',  and,  in  the 
second  place,  the  distances  P  O  and  P  P  are  inversely  propor- 
tional to  the  values  of  the  two  weights  R  and  A'. 

(38.)  Catiples,  —  When  the  two  parallel  forces  are  exerted  in 
opposite  directions,  there  is  one  set  of  conditions  which  presents 
&  case  of  peculiar  interest ;  and  that  is,  when  the  two  compo- 
nents are  equal.  In  this  case,  the  value  of  the  resultant  is  evi- 
dently equal  to  zero ;  and,  moreover,  the  point  of  application  is 
at  an  infinite  distance  from  the  points  of  application  of  the  two 
equal  components.  The  last  fact  follows  from  the  proportion 
[20],  il  C :  5  (7  =  F"  :  F'.  This,  by  the  theory  of  proportions, 
may  be  written, 

AC—BC:  F"  —  F'  =  ACiF"  =  BC:F'; 

or, substituting  (see  Fig.  \V)AB  =  A  C—BC,  and  F=F"—  jF', 

A  B  I  F  =:  A  C :  F"  =  B  C :  F'. 

Hence, 

AC=^^^,    and     BC^^^P"".      [21.] 

When  the  two  components  are  equal,  the  resultant  F  =  0, 
uid  both  the  distances  A  C  and  B  C  become  equal  to  infin- 
ity. In  this  case,  therefore,  there  is  no  single  resultant,  and 
therefore  no  tendency  to  produce  in  a  body  'any  progressive  mo- 
tion. Such  a  system  of  forces  is  termed  a  couple j  and  its  ten- 
dency is  to  make  the  body  rotate.  The  theory  of  couples  is  of 
great  importance  in  mechanics ;  but  as  we  shall  not  have  occasion 
to  apply  it  in  this  work,  we  shall  not  dwell  upon  it. 

(39.)  Composition  of  several  Parallel  Forces.  —  We  can  evi- 
dently find  the  resultant  of  several  parallel  forces,  by  combining 
them  two  by  two,  as  in  the  case  of  forces 
Acting  in  different  directions.     In  Fig. 

13,  the  points  m,  m',  w",  and  m'"  are  the 

points  of   application   of   the    parallel 

forces  F,  F\  F%  and  F"\  all  acting 

in  the  same  direction.     In  order  to  find 

t  common   resultant,  we  first  combine 

F  with  F' ;  let  o  be  the  point  of  appli- 

cition  of  the  first  resultant.     We  next 
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combine  the  first  resultant  with  F"^  and  let  &  be  the  point  of 
application  of  the  second  resultant.  Lastly,  we  combine  the 
second  resultant  with  F"\  and  we  shall  then  find  a  final  result- 
ant of  all  the  forces.  This  is  evidently  equal  in  amount  to  the 
sum  of  all  the  components,  and  its  point  of  application  will  be 
on  the  line  o'  m"\  at  an  intermediate  position  between  the  two 
points,  which  may  be  determined  by  means  of  the  proportions 
given  above. 

Wliere  all  the  parallel  components  are  not  in  the  same  direc- 
tion, we  combine  each  set  separately,  and  thus  obtain  two  partial 
resultants,  acting  in  opposite  directions.  If  these  are  equal,  we 
shall  have  a  couple  y  and  no  final  resultant.  If  they  are  not 
equal,  we  can  find  a  resultant  by  the  method  already  described. 

(40.)  Centre  of  Parallel  Forces,  —  By  referring  to  Pigs.  10, 
11,  and  the  demonstration  following,  it  will  be  seen  that  the 
position  of  the  point  C  does  not  depend  on  the  common  direction 
of  the  forces  represented  by  il  P  and  B  Q,  but  only  on  their  rel- 
ative intensities.  If  we  suppose  these  components  to  revolve 
round  their  points  of  application,  A  and  -B,  the  resultant  will 
still  pass  througli  C  in  any  position  they  may  assume,  provided 
only  that  they  remain  parallel.  Moreover,  it  will  be  seen  that 
the  point  of  application  of  the  resultant,  which  we  transferred  for 
convenience  from  m  to  C,  may  be  at  any  point  on  the  line  of  its 
direction.  In  other  words,  it  is  not  fixed  by  the  conditions  of  the 
problem,  except  so  far  as  this,  that  it  must  be  on  the  line  m  CH 
It  follows,  then,  that  if,  in  the  system  of  parallel  forces  of  Fig.  13, 
we  suppose  the  components  to  revolve  about  their  points  of  ap- 
plication, their  resultants  will  always  pass  through  the  point  6, 
provided  only  that  they  remain  parallel.  In  Fig.  14,  all  the 
components  have  been  revolved  through  an  angle  equal  to 
P'  G  P.  The  direction  of  the  resultant 
has  changed  from  P'G  to  P  G,  but  it  still 
passes  through  the  point  G.  In  the  posi- 
tion of  the  components  represented  by 
Fig.  13,  the  point  of  application  may  be 
at  any  point  of  the  body  on  the  line  G  P 
wliich  corresponds  to  the  line  G  P'  of 
Fig.  14.  In  the  second  position  of  the 
components  in  Fig.  14,  it  may  be  at  any 
l>oint  on  the  line  G  P.     The  point  G,  in 
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which  all  the  successive  directions  of  the  resultant  intersect  when 
its  components  revolve  about  their  points  of  application,  is  called 
the  centre  of  parallel  forces.    It  follows,  from  this  definition, 
that  if  the  forces  remain  parallel,  and   their  points  of  appli- 
cation invariable,  this  system  of  points  may  be  turned  round 
the  centre  of  parallel  forces  without  changing  the  point  of  appli- 
cation of  the  resultant ;  so  tliat,  if  this  point  were  supported,  the 
system  would  remain  in  equilibrium  in  any  position  we  could 
give  it  in  turning  it  round  tliis  point. 

(41.)  Action  and  Reaction.  —  The  simplest  case  of  the  action 
of  one  body  upon  another,  is  when  a  body  in  motion,  which  we 
majT  call  Mj  strikes  upon  another  at  rest,  which  may  be  termed 
M'.  If  M'  is  free  to  move,  it  will  be  put  in  motion  by  the  action 
of  3f,  and  in  any  case  the  reaction  of  M\  in  retarduig  ilf' s  mo- 
tioo,  will  be  precisely  equal  to  the  action  of  M  in  communicating 
motion  to  M'.  This  principle,  which  is  a  necessary  result  of  the 
inertia  of  matter,  is  generally  expressed  thus :  —  Action  and  re- 
oction  are  always  equal  and  opposite. 

The  changes  in  the  motion  and  in  the  moving  force  of  both 
bodies,  which  result  from  collision,  are  in  general  of  a  complicated 
kind,  and  depend  on  the  degree  of  elasticity  of  the  bodies,  their 
form,  mass,  and  other  circumstances.  To  simplify  the  question, 
we  shall  consider  the  bodies  as  completely  devoid  of  elasticity, 
and  so  constituted  that  after  the  collision  they  shall  move  as  one 
body.  Let  us  then  inquire  what  will  be  the- direction  and  velocity 
of  the  united  mass  after  the  impact. 

The  mass  ikf',  being  previously  at  rest,  can  have  no  motion 
sare  what  it  may  receive  from  the  mass  -ftf,  and  consequently 
must  move  in  the  same  direction  as  the  mass  M  moved  in  before 
the  collision.  Agam,  since  bodies  cannot  generate  or  destroy 
motion  in  themselves,  it  follows  that  whatever  motion  the  mass 
H'  may  acquire  must  be  lost  by  the  mass  ilf  ^  and  also,  that  the 
total  momentum  of  the  united  masses  after  the  collision  must  be 
exactly  equal  to  the  momentum  of  the  mass  M  before  it.  If  t) 
tod  \y  represent  the  velocities  before  and  after  impact,  then,  by 
(29),  Jtft)  and  (^M -\-  M'^  t)'  represent  the  momentum  before 
aud  after  impact ;  and  since  these  are  equal,  we  have 

M b  =  {M-^  M)  b',     whence     b'  =  b  j^-f-j^jr       [22.] 

Let  us  next  suppose  that  the  two  bodies  are  both  moving,  and 
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in  the  same  direction  ;  tlie  mass  M  vith  a  velocity  V,  and  the 
mass  M'  with  a  velocity  b',  less  than  f-  What  will  be  ihe  com- 
mon velocity  after  impact  ?  The  momenta  of  tlie  two  bodies  aie 
JIf  b  and  M'  {y.  Since  tbese  motions  are  in  the  suae  directJoo, 
tliey  cannot  be  either  diminished  or  increased  by  the  collis- 
ioD,  and  lience  the  momentum  of  the  united  bodies  will  be 
Jtf  b  +  -M"'  b'.  If,  tlien,  b"  be  the  unknown  velocity  of  tite 
united  masses,  we  have 
Jtf  b  +  itf'  b'  =  ( M  +  M--)  b",  and  b"  =  :^J+^'.    [23.] 

Let  us  now  suppose  that  the  two  bodies  are  both  moving,  but 
in  opposite  directious,  and  that  the  momentum  of  M  is  gr^itcr 
than  that  of  M'.  On  their  collision,  the  momentum  of  M'  vill 
destroy  jnst  so  much  of  that  of  Jif  as  is  equal  (o  its  own  amount; 
for  it  is  evident  tliat  equal  and  opposite  momenta  must  destn; 
each  other.  The  momentum  left  after  collision  must,  tlierelbn, 
equal  M\)  —  M'  b',  and,  using  b"  as  before,  we  shall  have 

Jlfb  — M'b'  =  (M-|-Jlf')b",   and   b"  =  ^^~;^^'.    [24.]^ 

In  the  last  case,  as  in  the  first,  the  reaction  of  the  mass  M'  ii 
equal  to  the  action  of  the  mass  M.  The  action  of  the  mass  M 
has  consisted,  first,  iu  destroptig  the  momentum  of  M',  equal  to 
M'  b' ;  second,  in  giving  to  it  the  momentum  M'  b".  The  total  j 
action  is  therefore  expressed  by  M'  b'  +  M'  b".  The  reactioa  of 
M'  has  consisted,  frrst,  in  destroying  a  portion  of  the  moraentua 
of  M,  equal  to  M'  b' ;  and  second,  in  subtracting  from  the  ifr 
miviinler  of  tli3  momentum  of  M  the  amount  which  it  has  sltor 
l!ie  cellisloii,  or  M'  \J".    Tho  total  reaction  is  therefore,  as  befoit, 

M'  b'  +  M-  b '. 

We  will  now  suppose  that  the  two  masses  are  moving  iu  difie^ 
ent  directions  ;  M  in  the  direo- 
tion  A  B,  Fig.  15,  with  a  velooi^ 
b,  and  M'  in  the  direction  A!S, 
with  a  velocity  b'.  The  dire*- 
tion  of  the  motion  after  coUisioD, 
and  the  momentum  of  the  united 
masses,  can  bo  easily  ascerttuned 
by  the   application  of  the  pria-   I 

ciple    of    the    parallelogram   of 

wifib.  forces    already   explained  (S3). 
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let  the  distance  C  D  represent  the  momentum  M  v,  and  the  di»- 
ance  C  i>  the  momentum  M'  v,  and  complete  the  parallelogram 
tfDEiy.  Draw  its  diagonal  CE.  This  diagonal  will  then 
nprescnt  the  direction  of  the  common  motion  and  the  momeil- 
hun  of  the  combined  masses,  which  is  equal  to  (M  +  JIf ')  b". 
To  find  the  velocity,  it  will  be  necessary  to  divide  tlic  number 
tipreseed  by  this  diagonal  by  the  sum  of  M  and  M'. 

If,  in  the  first  caee,  we  suppose  the  body  M',  at  rest,  to  bo  iii- 
fmitely  large,  as  compared  with  the  moving  mass  M,  then  the 
nlae  of  tl'  [22]  becomes  0,  which  shows  tliat  the  whole  momen- 
torn  is  destroyed.  This  is  practically  the  case  when  the  moving 
BUSS  impinges  against  a  fixed  obstacle,  which  is  either  very  much 
Urger  than  itself,  or  which  is  firmly  faHtencd  to  the  earth.  The 
bqdy  must,  however,  be  supposed  to  strike  the  surface  of  the  oh- 
Micle  from  a  direction  at  right  angles  to  this  surface.  Should  it 
rtrike  the  surface  at  an  oblique  angle,  we  may  have  a  difierent 
Ksult.  Let  us  suppose  an  unelastic  sphere  impinges  against  an 
imj-ielding  surface,  J)  B  C,  in  the 
direction  A  B,  with  a  velocity  t) 
ud  a  momentum  M  t)  ;  what 
voald  be  the  result  1  By  the 
piinciple  of  the  paralleic^ram  of 
force,  the  momentum  JIf  t)  is  equiv- 
ilent  to  two  others,  one  in  the  di- 
Rction  A  D,  and  the  other  in  the 
firection  DB.    The  first  will  be 

fetroyed  at  the  impact ;  but  the  second,  which  is  equal  to 
Jf  b  cos  o,  will  give  tlie  sphere  a  motion  with  the  velocity  vcosa 
b  the  direction  B  C.  In  the  figure  the  surface  is  a  plane,  but 
the  (lemons tratiou  is  true  for  any  curved  surface  ;  in  such  cases, 
bowwer,  tlie  piano  D  B  C  of  the  figure  is  the  tangent  plane  to 
llie  surface  at  the  point  of  contact. 

It  follows  from  the  above  discussioD,  that  the  loss  of  mo- 
mentum in  a  mass,  M,  impinging  on  another  mass,  M',  when  at 
rc<t,  is  always  proportional  to  its  velocity.  This  loss,  as  can 
easily  be  deduced  from  [22],  is  equal  to 

"  M-fAf'' 
1  quantity  whose  value  is  evidently  proportional  to  that  of  t). 
In  all  the  above  cases,  it  can  easily  be  shown  that  the  re- 
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action  of  the  body  M'  is  always  exactly  equal  and  opposite  to  the 
action  of  the  body  M,     The  same  is  also  true,  when  the  body  M 
acts  on  the  body  M'  through  the  forces  of  gravitation,  electri- 
city, magnetism,  etc.,  and  not  by  direct  impact.     A  needle,  for 
example,  attracts  a  magnet  with  exactly  the  same  force  with 
which  the  magnet  attracts  the  needle ;  and  were  both  free  to 
move,  the  magnet  would  move  towards  the  needle  as  well  as  the 
needle  towards  the  magnet.    It  is  also  true,  when  a  body  does  not 
strike,  but  merely  presses  against,  an  obstacle,  —  as,  for  example, 
when  a  weight  rests  on  a  table, — that  the  reaction  of  the  obstacle 
is  exactly  equal  to  the  pressure. 

(42.)  Power ^  or  Living  Force.  —  It  has  been  shown  (14),  that 
the  intensity  of  a  force  is  measured  by  ifeT  n.     In  the  case  of  a  loco- 
motive, for  example,  ilf  represents  the  whole  mass  of  the  locomo- 
tive and  train,  and  n  the  acceleration  of  velocity  imparted  by  the 
moving  force  each  second.     Were  the  motion  not  retarded  by 
friction  and  other  causes,  its  velocity  would  increase  indefinitely, 
according  to  the  laws  of  uniformly  accelerated  motion  already  de- 
scribed.   In  fact,  however,  with  a  given  force,  F^  this  velocity  soon 
comes  to  a  maximum,  which  it  does  not  exceed ;  and  so  long  as  the 
force  and  the  resistance  do  not  vary,  the  train  moves  with  a  uni- 
form motion.     During  this  time  the  action  of  the  force  is  exactly 
balanced  by  the  resistance  arising  from  friction  and  other  causes, 
and  the  train  moves  in  virtue  of  the  momentum,  Jf  v,  previously 
acquired.    In  the  space  passed  over  by  the  train  each  second,  the 
counteracting  forces  just  neutralize  the  force  jP,  exerted  by  the 
moving  agent  during  the  same  period.    It  might  now  be  supposed, 
that,  if  this  force  were  suddenly  quadrupled,  so  as  to  equal  4  f, 
the  velocity  would  again  increase  until  it  attained  to  four  times  its 
present  amount.     In  fact,  however,  its  velocity  rapidly  increases,  -^ 
but  only  to  twice  its  present  amount;  and  then  it  is  found  that  the  yg 
resistance  is  again  just  balanced  by  the  greater  force.     That  this  1:3 
must  be  the  case  can  be  seen  by  reflecting,  that,  with  a  double  ^ 
velocity,  the  moving  train  passes  ovel*  double  the  space  each  sec-  |^ 
ond,  and  therefore  encounters  twice  as  many  points  of  resistance.  ^ 
Moreover,  it  strikes  each  of  these  points  with  double  the  velocity,  \ 
and  hence  meets  at  each  point  twice  the  resistance.     It  there-   . 
fore   meets,  during  a  second,  twice  as  many  points  of  resist*  • 
ancc,  and  suffers  at  each  point  twice  as  much  resistance.     The   ■ 
resistance  during  a  second  is  thus  four  times  as  great  as  before, 
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and  must  require  four  times  as  much  force  to  overcome  it.     In 
order  to  obtain  three  times  the  velocity,  it  would  be  necessary  to 
increase  by  nine  times  the  force ;  and  in  general  the  force  re- 
quired will  be  proportional  to  the  square  of  the  velocity  to  be 
attabed.     What  is  true  of  the  motion  of  a  train  of  cars  is  true 
also  of  the  motion  of  a  steamboat,  and  indeed  of  all  motion 
whatsoever  by  which  work  is  or  may  be  accomplished.     Hence 
the  ability  of  a  force  to  do  work  is  proportional,  not  to  the 
Telocity,  but  to  the  square  of  the  velocity  which  it  imparts  to 
the  moving  body. 

The  space  passed  over  during  a  second  by  a  body  starting  from 
a  state  of  rest,  is  equal  to  J  D  [5].  The  intensity  of  the  force 
which  has  moved  it  over  this  space  is  equal  to  Jf  o  The  product  , 
of  the  intensity  of  the  force  by  the  space  passed  (the  number  of 
points  at  which  it  has  acted),  represents  the  work  accomplished 
by  the  force.  This  product,  equal  to  J  ilf  d',  was  named  by 
Leibnitz  vis  rtra,  or  living'  force,  to  distinguish  it  from  force 
which  does  not  produce  motion,  but  only  pressure  ;  and  which  he 
named  dead  force.  A  discussion  was  excited  by  Leibnitz  on  this 
subject,  in  wliich  all  the  mathematicians  of  the  eighteenth  cen- 
tury took  part,  and  which  continued  for  more  than  forty  years ; — 
oae  party  claiming,  with  Leibnitz,  that  force  was  proportional  to 
the  square  of  the  velocity  ;  and  the  other,  that  it  was  propor- 
tional to  the  simple  velocity,  —  the  first  party  measuring  force 
by  the  vis  viva,  and  the  other  by  the  momentum.  As  not  unfre- 
quently  happens  in  such  cases,  both  parties  were  right ;  and  their 
two  opinions  were  harmonized  by  introducing  the  element  of 
time.  For,  as  we  have  seen,  the  living'  force  represents,  not 
the  intensity  of  the  force  at  any  instant,  which  is  always  meas- 
ured by  M  0,  but  the  work  which  the  force  will  accomplish  dur- 
ing a  second  of  time. 

It  represents,  in  other  words,  the  power  or  quantity  of  the  force, 
in  disitinction  from  the  intensity  of  the  force.  The  intensity  of  a 
force  has  been  represented  by  F.  The  power  or  quantity  of  a 
force  may  be  denoted  by  P.     Hence, 

F=itft),     and     P=^Mx>^,  [25.] 

Tlie  "wori  force  is  generally  used  in  a  restricted  sense,  as  in  (20), 
to  denote  only  the  intensity  of  any  effort,  the  quantity  of  the  force 
exerted  being  called  power.  These  terms  will  be  adopted  with 
their  usual  sense  in  this  volume. 

5» 
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PROBLEMS. 

NoTB.  The  following  problems  should  be  solved  both  by  geometrical  oonstr 
and  by  trigonometry,  whenever  both  methods  are  applicable. 

Mscuure  of  Force, 

25.  A  mass  of  matter  equal  to  10  units  of  mass  receives  an  acceler 
from  a  given  force  of  5  metres.     What  is  the  intensity  of  the  force  ? 

26.  A  mass  of  matter  equal  to  7  units  of  mass  receives  an  acec 
tion  from  a  given  force  of  9.8  metres.  What  is  the  intensity  oi 
force  ? 

27.  A  mass  of  matter  equal  to  15  units  of  mass  receives  an  acce 
tion  from  a  given  force  of  1.654  metres.  What  is  the  intensity  of 
force? 

28.  A  mass  of  matter  equal  to  20  units  of  mass  receives  an  acce! 

Uon  frt>m  a  given  force  of  26.243  metres.     What  is  the  intensity  of 

force? 

MomerUum, 

29.  A  railroad  train  whose  mass  equals  1000  units  is  travelling ' 
a  velocity  of  50  kilometres  an  hour.  What  is  its  momentum  ?  1 
many  units  of  force  would  be  required  to  stop  the  train  in  ten  mini 
supposing  the  moving  power  to  cease  acting  ? 

30.  A  vessel  whose  mass  equals  120,000  units  is  moving  with  a 
locity  of  2.25  metres.  What  is  its  momentum  ?  How  many  unit' 
force  would  be  required  to  stop  it  in  five  minutes,  supposing  the  mo^ 
power  to  cease  acting  ?  If  the  resistance  of  the  water  and  other  cai 
of  retardation  are  equivalent,  on  an  average,  to  a  force  of  900  units,  1 
soon  would  the  vessel  come  to  rest  after  the  moving  power  ceased  ? 

Composition  of  Forces, 

31.  Three  forces  are  acting  on  a  point  in  the  direction  A  B,  equal 
spectively  to  20,  35,  and  70  units.  In  the  opposite  direction,  B  Ay 
acting  four  forces,  equal  respectively  to  10,  45,  15,  and  30  units.  TV 
is  the  intensity,  and  what  the  direction,  of  the  resultant  ? 

32.  A  force  equal  to  1000  units  is  acting  on  a  point  in  the  direct 
B  A.  What  is  the  intensity  of  each  of  two  components,  which  art 
each  other  as  3  :  5,  and  both  of  which  are  acting  in  the  same  directioi 
the  resultant  ?  What  is  the  intensity  of  each  of  two  components,  one 
which  acts  in  the  direction  of  the  resultant  and  the  other  in  an  oppo 
direction,  and  which  are  to  each  other  in  the  relation  of  3  :  5  ? 

33.  It  is  required  to  resolve  a  force  equal  to  441  units  into  six  con 
nents,  in  the  same  direction  as  the  resultant,  whose  intensities  shall  b 
each  other  as  1  :  2  :  2^  :  2^  :  2<  :  2*. 

34.  It  is  required  to  resolve  a  force  equal  to  44  units  into  six  con 
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Three  of  these,  which  have  the  same  direction  as  the  resultant, 
each  other  as  1  :  3  :  5  ;  while  the  three  others,  which  have  an  op- 
direction,  are  to  each  other  as  1  :  2  :  3.     Moreover,  the  sum  of  the 

.  5.4  times  greater  than  the  sum  of  the  last. 
Two  forces  are  acting  at  right  angles  to  each  other  on  one  point. 

>rce  jF*'  —  5  units,  and  the  force  F"  =«  5  \/"8   units.     What  is 

tensitj  of  the  resultant  ?  and  what  is  the  angle  which  its  direction 

\  with  the  direction  of  F'  ? 
Two  forces  acting  at  right  angles  on  one  point  are  equal,  i^'  to  3 

and  F"  to  4  units.     What  is  the  intensity  of  the  resultant  ?  and 

is  the  angle  which  its  direction  makes  with  the  direction  o£  F'? 
It  is  required  to  resolve  a  force,  jP  :«  100  units,  into  two  compo- 
F'  and  F"y  making  with  F  the  angles  65®  and  25®  respectively, 
must  be  their  intensities  ? 
It  is  required  to  resolve  a  force,  2^  >»  100  units,  into  two  compo- 

at  right  angles  to  each  other,  one  of  which  which  shall  be  equal  to 

its.     What  must  be  the  value  of  the  second  component  ?  and  what 

klues  (^  the  angles  which  both  components  make  with  the  resultant  ? 
Two  forces,  each  equal  to  100  units,  act  on  one  point.     The  angle 

by  the  directions  of  the  two  forces  equals  45®.     What  is  the  value 

;  resultant  ? 
The  directions  of  two  forces,  F'  «=  100  and  F"  ^»  50,  acting  on 

oint,  make  an  angle  of  145®.     What  is  the  value  of  the  resultant 

nd  what  are  the  angles  which  F  makes  with  F'  and  F"  ? 
It  is  required  to  decompose  a  force,  F  ^=  125,  into  two  compo- 
the  direction  of  each  of  which  shall  make,  with  the  direction  of  F, 

gle  of  25®.     What  will  be  the  value  of  each  component  ? 
It  is  required  to  resolve  a  force,  F  =  100,  into  two  components, 

id  F",  whose  direction  shall  make,  with  the  direction  of  F^  the  an- 

>f  10®  and  20®  respectively.     What  will  be  the  value  of  each  com- 

it? 
Five  forces,  whose  directions  are  in  the  same  plane,  act  on  one 

.    The  intensities  of  the  forces,  and  the  angles  which  their  directions 
with  a  fixed  direction  passing  through  the  point  of  application  in 

ime  plane,  are  given  in  the  following  table :  — 


Intenclty  of  the  Foroet. 

Inclination  to  the  fixed  Dlrsetion 

90 

50® 

100 

120® 

120 

170® 

50 

250® 

40 

290® 

t  is  the  intensity  of  the  resultant  ?  and  what  is  the  angle  which  its 
tion  makes  with  the  fixed  direction  ? 
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44.  The  force  ^  =  100  is  resolved  into  two  components,  F*  « 100 
and  F"  ^^  150.  What  are  the  angles  which  the  directions  of  these  com- 
ponents make  with  the  direction  of  F? 

45.  At  the  extremities  of  a  straight  line  44  c  m.  long,  two  parallel 
forces,  F'  =»  15  and  F"  =  7,  are  acting  in  the  same  direction.  What 
is  the  intensity  of  the  resultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

46.  At  the  extremities  of  a  straight  line  12  cm.  long,  two  parallel 
forces,  ^'  =  19  and  F"  =  13,  are  acting  in  opposite  directions.  What 
is  the  intensity  of  the  rf»sultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

Action  and  Reaction, 

47.  A  mass  M  =«  20  units,  moving  with  a  velocity  of  5  m.,  meets 
a  second  mass  M'  =15  units,  which  is  at  rest.  What  will  be  the  ve- 
locity of  the  combined  masses  afler  collision  ?  In  this  and  in  the  few 
succeeding  problems  the  masses  are  supposed  to  be  unelastic,  and  » 
constituted  that  after  the  collision  they  will  move  on  together  as  one 
body. 

48.  A  mass  M^  500  units,  moving  with  a  velocity  of  15  m.,  strikes 
another  mass  M'  =-■  50  units,  moving  with  a  velocity  of  10  m.  in  the 
same  direction.  What  will  be  the  velocity  of  the  combined  masses 
afler  the  collision .'' 

49.  A  mass  J/=  250  units,  moving  with  a  velocity  of  20  m.,  meets 
another  mass  M'  =  300  units,  moving  with  a  velocity  of  2  m.  in  the  op* 
posite  direction.  What  will  be  the  velocity  of  the  combined  masses  after 
the  collision  ? 

50.  A  mass  J^f  =  25  units,  moving  with  a  velocity  of  5  m.,  meets  an- 
other mass  M'  =  30  units,  moving  with  a  velocity  of  2  m.  The  direc- 
tions of  the  two  motions  before  collision  make  with  each  other  an 
angle  of  75®.  What  will  be  the  velocity  of  the  combined  masses 
after  the  collision  ?  and  what  will  be  the  angle  made  by  the  direction 
of  the  resulting  motion  with  the  directions  of  the  two  motions  before 
collision  ? 

GRA^aTATION. 

(43.)  Definition.  —  When  bodies  n^ar  the  surface  of  the  earth 
are  left  unsupported,  they  fall  to  the  ground ;  or,  if  supported, 
they  exert  a  downward  pressure,  which  we  term  their  weighl. 
The  cause  of  these  phenomena  is  called  the  farce  of  gravUij, 
This  force  is  the  attraction  which  the  earth  exercises  upon  all 
bodies  on  or  near  its  surface,  and  is  only  a  particular  case  of  a 
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:  force  of  nature,  in  virtue  of  which  all  bodies  in  the  uni- 
ttract  each  other,  with  a  force  depending  on  their  mosBes 
eir  mutual  distances.     Astronomy  exhibits  the  grandest 
es  of  this  force,  in  the  motions  of  the  heavenly  bodies  ;  but 
ilso  be  shown  that  the  same  force  acts  upon  the  smallest 
of  matter  with  which  we  experiment  on  the  surface  of  the 
Tlie  existence  of  this  force  of  attraction  between  the  heav- 
dies  was  first  recognized  by  Newton,  who  discovered  the 
tell  it  obeys,  and  gave  to  it  the  name  of  Universal  Gravt- 
In  this  work,  wc  shall  only  have  occasion  to  study  those 
lena  of  gravitation  which  are  caused  by  the  attraction 
lie  earth  exerts  for  bodies  on  or  near  its  surface.     Let  us 
luirc  what  is  the  direction,  what  the  point  of  application, 
at  the  intensity  of  this  force.     Compare  (26). 
I    Direction  of  the  Earth's   Attraction.  —  It  has  been 
27),  that  the  direction  of  a  force  is  the  direction  of  the 
which  it  causes,  or  the  direction  of  the  pressure  which  it 
When  bodies  fall  freely,  they  move  on  a  line  which,  if 
:d,  would  pass  through  a  variable  point  near  the  centre 
globe,  called  its  cenireo/o/froc/ion.    Hence,  the  direction 
force  of  gravitation  is  that  of  a  line  joining  the  centre 
ction  of  the  earth  to  the  point  of  application  of  tlie  body, 
rection  is  given  by  a  plvmb-linc,  which  is  merely  a  email 
weight,  generally  of  lead,  suspended  by  a  light 
\^^     and  flexible  thread  (Fig.  17).     When  the  weight 
2^1     thus  freely  suspended  is  at  rest,  it  is  easy  to  show 
iK^     that  the  pressure  exerted  by  the  force 
of  gravitation  is  in  the  direction  of 
the  line.     In   Fig.  18,  for  example, 
this  pressure  must  be  in  the  direc- 
tion A  C     To  prove  this,  suppose  for 
a  moment  the  force  exerting  the  pres- 
sure were  in  any  other  direction,  as 
A  B  ;  then  the  force  in  the  direction 
A  B  could  be  decomposed  into  two 
ents,  one  in  tlie  direction  A  C,  which  would 
tralizcd   by  the  resistance   of  tlie   point  of 
ion,  the  other  in  the  direction  A  D,  which 
ausc  motion.     As  by  supposition  the  weight         "kIS. 
t,  it  follows  that  the  direction  of  the  pressure,  and  hence 
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also  the  direotion  of  the  force  of  gravitation,  must  be  that  of  the 
plumb-line. 

If  several  plumb-lines  be  placed  near  each  other,  it  will  be 
found  that  the  lines  when  at  rest  will  all  be  sensibly  parallel  to 
each  other ;  because  their  distances  apart  are  inconsiderable  in 
comparison  with  the  length  of  the  radius  of  tlie  earth.  Hence 
the  directions  of  the  forces  of  gravity  exerted  by  tlie  earth  on 
neighboring  bodies  are  parallel.  The  direction  of  the  plumb- 
line  at  any  place  is  called  the  vertical  direction^  and  the  di- 
rection perpendicular  to  tliis  the  horizontal  direction.  The 
surface  of  a  liquid  at  rest,  as  will  be  proved  hereafter,  is  always 
horizontal,  and  therefore  perpendicular  to  the  plumb-line. 

(45.)  Point  of  Application  of  the  Earth^s  Attraction. — As 
every  particle  of  a  body  is  similarly  situated  towards  the  earth,  it 
follows  that  every  particle  must  be  equally  attracted,  and  that 
there  must  be  as  many  points  of  application  as  there  are  parti- 
cles of  the  body.  The  action  of  the  earth's  attraction  may  there- 
fore be  regarded  as  the  action  of  an  infinite  number  of  parallel 
and  equal  forces  on  as  many  distinct  points  of  application.  The 
resultant  of  these  forces  can  be  easily  found  by  extending  the 
method,  discussed  in  (39),  of  finding  the  resultant  of  several 
parallel  forces,  to  the  case  where  the  number  of  forces  is  infinite. 
As  the  general  conclusions  of  (39)  are  independent  of  the  num- 
ber of  parallel  forces,  it  follows  that  the  direction  of  the  result- 
ant of  the  forces  of  gravity,  acting  on  the  particles  of  a  body,  is 
parallel  to  the  common  direction  of  the  forces,  and  also  that  the 
intensity  of  the  resultant  is  equal  to  the  sum  of  the  intensities  of 
the  components. 

If,  for  example,  A  B  (Fig.  19)  represents  a  mass  of  matter, 
and  the  small  arrows  pointing  vertically  downwards  represent 
the  directions  of  the  gravitatmg  forces  acting  on  the  particles  com- 
posing such  mass,  then  it  follows,  from  what  has  been  explained, 
that  the  resultant  of  all  these  forces  will  have  a  direction,  D  jB, 
parallel  to  their  common  direction,  and  will  have  an  intensity 
equal  to  their  sum.  The  position  of  this  resultant  remains  yet  to 
be  determined.  The  principles  of  mathematics  enable  us,  in  many 
eases,  to  combine  together  the  forces  acting  on  all  the  particles 
of  a  body,  by  extending  the  method  used  in  (39),  Pig.  13,  and 
tlius  to  calculate  the  exact  position  of  the  resultant ;  but  its  posi- 
tion can  in  most  cases  be  determined  more  readily  by  experi- 
ment. 
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<'ig.  19,  we  suppose  that  the  line  repreaented  by  the  large 
the  directioQ  of  tlie  resultant,  it  is  evideut  that,  if  any 
3h  as  C,  on  that  Hue,  \a  supported,  the 
.  remain  at  rest ;  because  the  resultant 

forces  acting  upon  the  bod;  having  the 

D  E,  will  be  expended  in  pressure  on 

point  C.  It  is  not  essential  that  the 
support  should  be  iu  the  body,  for  the 
lid  be  true  for  any  point  in  tlie  direc- 
le  arrow  D  E.  If,  for  example,  H  were 
om  which  the  body  was  suspended  by 
attached  to  the  body  at  any  point  in  the 
,  then  the  body  would  still  remain  at 
,  as  before,  the  resultant  having  the  direction  Z)  E  would 
ded  in  pressure  on  the  pin  at  D.  It  would  be  different, 
with  a  point  of  support  not  in  the  direction  of  tlie  arrow, 
'.  If  the  body  be  connected  with  this  point  by  a  string 
at  C,  it  will  no  longer  remain  at  rest ;  for  the  resultant 
ing  at  the  point  C,  can  be  decomposed  into  two  compo- 
the  first  in  the  direction  of  C  H,  which  would  be  ex> 
1  pressure  on  the  point  P,  and  the  second  in  the  direction 
:h  would  move  the  body  towards  tlio  vertical  line.  It 
herefore,  that,  if  a  body  be  supported  by  a  fixed  point, 

remain  at  rest,  unless  tlio  resultant  of  all  the  parallel 
icli  gravity  exerts  upon  its  particles  passes  through  that 


(ct  gives  us  the  means  of  ascertaining  experimentally 

on  of  the  resultant  of  the  parallel  forces  which  gravity 

on  the  particles  of  a  body.     We  have 

aspend  it  by  a  string  attached  to  any 

tlie  body,  and  the  direction  which  the 

sumes  will  be  the  direction  of  the  re- 

f  the  forces  of  gravity  when  the  body 

position.  In  Fig.  20,  for  example,  the 
of  the  forces  which  gravity  exerts  upon 
;Ies  of  the  chair  is  the  line  A  B,  when 

is  in  the  position  re)»resentcd  in  the 
If  we  attacli  the  string  to  another 
;  cliiur  will  take  another  position,  and 
:ant  will  also  change  its  position  to  the 
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line  (72),  Pig.  21.     We  should  find,  i)y  experiment,  that  fc 
every  point  of  suspension  there  would  be  a  different  position  < 

the  chair,  and  also  a  different  position  < 
the  resultant. 

When,  in  any  given  position  of  a  bodj 
we  have  determined  the  position  of  th 
resultant  of  the  forces  of  gravity,  we  hav 
also  determined  a  line  on  which  the  poiii 
of  application  of  the  earth's  attraction  mus 
be ;  because,  by  (32),  this  point  may  t 
any  point  on  the  line  of  the  resultant.  Th 
position  of  the  line,  however,  will  depeii 
on  the  position  of  tlie  body  ;  and  there 
^  fore,  in  order  to  determine  it,  the  positioj 

of  the  body  must  be  given. 
(46.)  Centre  of  Gravity.  —  When  a  body  is  turned  round  in 
any  direction,  it  is  easy  to  see  that  the  lines  of  direction  of  the  par- 
allel forces,  which  gravity  exerts  on  its  particles,  revolve  about 
their  points  of  application,  retaining  their  parallelism.  Hence  it 
follows,  from  (40),  that,  in  any  position  which  Uie  body  may  as- 
sume, the  resultant  of  these  forces  will  always  pass  through  the 
same  point.  This  common  point  of  intersection  of  the  resultants 
of  the  forces  of  gravity,  in  any  position  which  the  body  may  as- 
sume, is  termed  the  centre  of  gravity.  This  point  has  several 
important  relations,  which  we  will  now  consider. 

The  centre  of  gravity  may  always  be  regarded  as  the  point 
of  application  of  the  resultant  of  the  forces  which  gravity  exerts 
upon  the  particles  of  a  hody^  because  it  has  been  proved,  first, 
tliat  the  point  of  application  may  be  any  point  on  the  line  of  the 
resultant ;  secondly,  that  the  centre  of  gravity  is  a  point  common 
to  all  the  resultants. 

When  the  centre  of  gravity  is  supported^  the  body  remains  ai 
rest.  If  the  centre  of  gravity  be  supported  on  a  point  or  axis, 
and  the  body  is  free  to  turn  round  such  axis,  the  body  will  re^ 
main  at  rest  in  any  position  in  which  it  can  be  placed.  ThiJ 
result  follows  necessarily  from  the  last ;  for,  as  the  point  of  appli 
cation  of  the  resultant  is  fixed,  the  whole  intensity  of  tlie  force 
of  prravity  must  be  expended  in  pressure  against  this  point. 

The  whole  attractive  force  exerted  by  a  m^iss  of  matter  mai 
be  regarded  as  emanating  from  its  centre  of  gravity.     The  priii 
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ciple,  that  action  and  reaction  are  always  equal  and  opposite, 
applies  to  the  attraction  of  gravity  exerted  by  one  mass  of  matter 
orer  another.     The  earth  is  attracted,  by  a  body  near  its  surface, 
with  a  force  exactly  equal  to  the  attraction  exerted  by  the  earth 
on  tliis  body.     Now,  since  the  atti*action  of  the  body  must  be 
equal  and  opposite  to  that  of  the  earth,  it  follows  that  the  re- 
sultant of  the  force  must  be  on  the  same  line  with  the  centre  of 
granty,  and  hence  may  always  be  regarded  as  emanating  from 
it.   Hence,  also,  the  attraction  of  the  earth  may  be  regarded  as 
emanatuig  from   some  one  point,  which   is  not,  however,  the 
same  as  the  centre  of  its  figure,  and,  moreover,  it  is  variable. 

A  singular  result  follows  from  the  principle  of  reaction  above 
stated,  since  it  must  be,  when  a  body  falls  to  the  ground,  that 
the  earth  must  rise  to  meet  the  body,  —  and  this  is  true  ;  but  the 
extent  of  the  motion  of  the  earth  is  as  much  less  than  that  of 
the  body,  as  the  mass  of  the  earth  is  greater  tlian  the  mass  of  the 
body.  Representing  by  m  the  mass  of  the  body,  we  have  for  the 
intensity  of  the  earth's  attraction  m  0 ;  and  representing  by  M 
the  mass  of  the  earth,  we  have  for  the  intensity  of  the  body's  alr 
tnction  for  the  earth  M  v' ;  and  since  these  are  equal,  we  have 

mv  =  Mv',    or    v'  :  v  =  m  :  M; 

that  is,  the  velocity  acquired  by  the  earth  at  the  end  of  one  sec- 
ond is  as  much  less  than  that  acquired  by  the  body,  as  the  mass 
of  the  body  is  less  than  that  of  the  earth. 

(47.)  Position  of  the  Centre  of  Gravity.  —  For  the  methods 
of  calculating  the  position  of  the  centre  of  gravity,  we  must  refer 
the  student  to  works  on  Mechanics,  since  these  methods  depend 
ou  the  principles  of  the  higher  mathematics.  The  position  of 
the  centre  of  gravity  can  be  found  experimentally  by  suspending 
the  body  by  a  cord  from  two  points  successively,  as  represented 
iu  Figs.  20,  21.  The  point  where  the  line  of  the  cord  produced 
iu  one  position  intersects  the  line  of  the  cord  produced  in  the 
second,  is,  by  (46),  the  centre  of  gravity.  It  can  thus  be  proved, 
that,  when  a  homogeneous  body  has  a  regular  form,  the  centre  of 
gravity  is  at  the  centre  of  the  figure.  This  is  the  case  with  the 
sphere,  the  cube,  the  octahedron,  and  the  other  regular  solids  of 
geometry.  So  also,  when  a  homogeneous  body  has  a  symmetrical 
axis,  the  centre  of  gravity  will  be  a  point  of  this  axis.  Thus,  in 
a  cone,  the  centre  of  gravity  is  in  the  axis  of  the  cone,  and  it  can 
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easily  be  seen  that,  if  a  cone  be  suspended  by  a  string  from  its 
apex,  the  direction  of  the  line  of  saspeDsioa  vould  coincide  with 
the  direction  of  the  axis  of  the  cone  ;  because,  as  the  matter  a 
waiformly  distributed  round  this  axis,  the  gravity  of  its  jarticles, 
acting  equally  oil  every  side,  will  have  no  tendeni^y  to  move  it 
when  in  this  position. 

The  centre  of  gravity  is  not  necessarily  in  the  body.  Tlius, 
the  centre  of  gravity  of  a  hoop  is  at  its  centre,  and  the  cen- 
tre of  gravity  of  a  hoUow  sphere,  an  empty  box,  or  a  cask,  is 
within  it. 

The  centre  of  gravity  of  two  separate  and  independent  bodia 
immovably  united  is  a  point  between  them.  This  point  cau  be 
very  easily  determined  mathematically,  &om  principles  already 
established. 

Let  A  and  B,  Fig.  22,  be  the  two  bodies,  and  let  a  and  b  be  their 
centres  of  gravity.  Connect  tlie  two  by  a  line.  From  what  bu 
been  said,  it  follows  that  tba 
attraction  of  the  earth  on  thii 
system  may  be  regarded  as  tha 
action  of  two  parallel  forces  at 
a  and  b.  Hence,  the  pomt  <f 
'  application  of  the  rcsultaa^|P 

centre  of  gravity  of  the  system,  must  be  on  the  line  a  b,  IMI 
must  divide  the  line  into  two  parts,  which  Bie  inversely  pHM 
portional  to  the  intensities  of  the  forces.  It  will  be  shown  9 
(49)  that  the  two  forces  arc  proportional  to  the  maE9ea»  tM 
hence  the  centre  of  gravity  must  divide  the  line  a  b  into  IWD 
parts  which  are  inversely  propdrtional  to  the  mae&es  of  the  tvV 
bodies  A  and  B. 

(48.)  Stable,  Unstable,  and  Neutral  EqaiUbrivm.  —  It  is  a 
necessary  consequence  of  what  has  been  said,  tliat  i\\i;  >.vntre  of 
gravity  of  a  body  liaa  always  a  tendency  to  move  into  the  lowest 
puKJtion  of  which  the  conditions  will  admit.  Hence,  if  the  bod; 
is  supported  at  only  one  point,  it  cannot  remain  at  rest,  unless 
this  point  of  support  is  either  at  the  centre  of  gravity  or  is  in  the 
same  vertical  with  it.  If  the  centre  of  gravity  is  below  tb« 
point  of  support,  the  body  is  in  a  stable  equilibrium ;  because, 
if  by  any  means  the  centre  is  displaced,  the  force  of  gravity  will 
tend  to  restore  it  to  its  original  position.  If,  however,  the  centre 
of  gi-avity  is  above  the  point  of  support,  the  body  will  be  iu  an 
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ttable  equtUbriKm ;  for  the  slightest  digplacement  will  remove 
I  centre  out  of  the  vertical,  &nd  it  will  then  move  to  the  lowest' 
saible  positioD.     The  chair  suspended  by  a  string  in  Fig.  20  is 

a  stable  equilibrium,  because  the  centre  of  gravity  is  below 
e  point  of  sapjiort.  The  same  chair  could,  witli  great  care,  be 
Juiced  on  the  eud  of  one  of  its  legs,  but  its  equilibrium  would 
<en  be  unstable ;  because  the  centre  of  gravity  would  be  above 
le  point  of  support,  and  the  slightest  displacement  of  the  centre 
^'  gravity  would  cause  the  chur  to  Coll. 

When  a  body  rests  on  a  base,  it  is  stable,  when  the  vertical 
UEong  through  the  centre  of  gravity  falls  within  tlie  base.  The 
ability  of  the  body  in  such  a  position  is  estimated  by  tiie  mag- 
itude  of  the  force  required  to  overturn  it.  If  its  position  can  ' 
i  disturbed  or  deranged  without  raising  its  centre  of  gravity, 
le  sUghtest  force  will  be  BufRcient  to  move  it ;  but  if  its  position 
mnot  be  changed  without  causing  its  centre  of  gravity  to  rise 
■  a  higher  position,  then  a  force  will  be  required  which  would  be 
ifficient  to  raise  the  entire  body  through  the  height  to  which  it» 
nlre  of  gravity  must  be  elevated.  This  is  illustrated  in  Kgs. 
,  24,  25.     To  turn  the  cylinder  over  the  edge  B,  it  would  be 


either  case  to  move  the  centre  of  gravity,  G,  over 
earc  G  E,  and  hence  to  raise  it  through  the  height  HE. 
his  distance  is  greater,  and  hence  the  force  required  to  ovcr- 
im  the  cylinder  is  greater,  the  larger  the  base  of  the  cylinder 
;latively  to  its  height.  It  can  also  easily  be  seen  that  tlie  sta- 
■ility  ia  greatest  when  the  vertical,  passing  through  the  centre  of 
parity,  passes  also  through  the  centre  of  the  base.     If  it  passes 
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through  the  edge  of  the  base,  as  in  Pig.  26,  the  BUghtest  force 
will  overtui-Q  it.     If  it  passes  outside  of  the  base  (Fig.  27},  tbeu 


the  centre  will  be  unsupported,  and  tlio  cjliuder  will  fall.  These 
principles,  which  have  been  illustrated  hj  a  cylinder,  may  be 
readily  extended  to  other  bodies. 

When  a  body  rests  on  two  or  more  points,  it  is  not  necessuiy 
for  its  stability  that  its  centre  of  gravity  should  be  directly 
over  one  of  these  points ;  it  is  only  necessary  that  its  vertical 
should  fall  between  thein.  If  a  body  rests  on  two  points,  it 
is  supported  as  effectually  as  if  it  rested  on  an  edge  coincidinj; 
with  the  straight  lino  which  unites  the  two.  If  it  rests  on  tliree 
[X)ints,  it  is  supported  as  firmly  as  it  would  be  by  a  triangular 
base  coinciding  with  the  triuiiglo  of  which  the  three  points  ftro 
vertices. 

A  familiar  condition  of  equilibrium  is  presented  by  a  sphen 
rcsthig  on  a  level  plane.  Such  a  sphere  has  but  one  p(»Bto[ 
support,  and  this  is  directly  under  the  centre  of  gravity.  If  the 
sphere  is  rolled  upon  tho  plane,  the  centre  of  gravity  will  neither 
I'ise  nor  fall.  Hence  any  force,  however  slight,  will  cause  it  •" 
move  ;  and,  on  the  other  hand,  tho  body  will  have  no  tendencj, 
of  itself,  to  change  its  position  when  it  is  disturbed.  Tliis  condi- 
tion is  called  neutral  equilibrium.  A  cylinder  resting  with  its 
edge  on  a  plane  and  level  surface  is  another  example  of  neutral 
cquililn-inm. 

(49.)  Iitteiisihj  of  the  Earth's  Allraclion.  —  The  fallmg  of  a 
stone  to  tho  earth  is,  ns  has  been  stated  (21),  au  example  of  ' 
uniformly  accelerated  motion.     Ileuce,  the  force  of  gravitatJou 
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a  force  of  constant  intensity  (27).  The  amount  of  ao- 
dj  as  was  also  stated  (21),  at  the  latitude  of  Paris,  is 
)88  metres.  This  acceleration  is  the  same  for  all  masses 
r,  whether  large  or  small.  The  apparent  contradiction 
mtament  in  common  experience  arises  from  the  fact,  that 
if  Hgfat  bodies  is  more  retarded  by  the  resistance  of  the 
that  of  heaYj  bodies.  If,  however,  the  experiment  is 
aTumum,  it  will  be  found  that  a  gold  eagle  and  a  feather 
with  equal  rapidity.  The  intensity  of  a  force  is,  as  we 
0,  equal  to  Mt,  Bepresenting  the  intensity  of  the  force 
7,  which  act«  on  a  given  mass  of  matter,  ilf,by  Cr,  we 
e,  for  tlie  latitude  of  Paris, 

G  =  M  9.8088  (unUs  of  force).  [26.] 

other  mass  of  matter,  M'j  we  shall  have,  in  the  same 

G'  =^  M'  9.8088  (units  of  force). 

G:  G'  =  M:  M'.  [27.] 

nsity  of  the  earth's  attraction  is  therefore  proportional 
lantity  of  matter  on  which  it  acts.  In  other  words,  the 
reases  with  the  quantity  of  matter  to  which  it  is  applied, 
espcct  gravity  differs  from  many  other  forces  with  which 
imiliar,  from  muscular  force  and  the  force  of  a  steam- 
x>r  example,  since  these  have  a  constant  value,  and  do  not 
h  the  amount  of  matter  to  which  they  arc  applied, 
sunied  (4o)  that  the  earth's  attraction  acts  equally  on 
rticle  of  matter.  If  this  is  true,  it  follows  that  the  ro- 
of all  the  forces  of  gravity  acting  on  the  separate  parti- 
wo  bodies  must  be  proportional  to  the  number  of  par- 
each  ;  in  other  words,  to  the  masses  of  the  two  bodies. 
is  is  the  case,  is  proved  by  the  experiment  on  falling 
lluded  to  above,  and  by  the  proportion  [27]  which  fol- 
ITence  the  assumption  of  (45)  was  correct. 
e  intensity  of  the  force  of  gravity  varies  with  the  amount 
:ir  on  which  it  acts,  we  must,  in  estimating  the  strength 
force  in  different  places,  always  compare  the  intensities 
oree  when  acting  on  equal  masses  of  matter.  It  simpli- 
subjcct,  to  take  a  quantity  of  matter  equal  to  the  unit  of 
each  case.     Representing  tlien  by  ^  the  intensity  of  the 

6* 
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attraction  of  gravitation  for  the  unit  of  mass,  we  can  easily  de- 
duce from  [26], 

g  =  9.8088  (units  of  force)  ;  [28.] 

and  also 

G  =  Mg  (units  of  force).  [29.] 

In  this  book,  g  will  always  be  used  to  express  the  intensity  of  the 
force  of  gravity  acting  on  the  unit  of  mass,  or,  in  general,  the 
intensity  of  the  force  of  gravity  ;  and  G  will  always  be  used  to 
express  the  intensity  of  the  force  of  gravity  acting  on  a  given 
mass,  M.  In  every  case  they  both  stand  for  a  certain  number  of 
units  of  force.  The  intensity  of  the  earth's  attraction  varies 
slightly  at  different  points  of  its  surface ;  thus,  at  the  equator,  \ 
g  =  9.7806  ;  at  the  latitude  of  Paris,  as  above,  g  =  9.8088; "  s 
and  at  the  pole,  g  =  9.8314.  ] 

In  order  to  determine  the  intensity  of  gravity  at  different 
places,  it  might  be  supposed  that  we  could  measure  tlie  dis- 
tance through  which  a  heavy  body  would  fall  the  first  second, 
and  then,  by  the  principles  of  uniformly  accelerated  motion  (21),  5 
twice  this  distance  would  be  equal  to  the  value  of  g  at  the  given 
place.  Oil  account  of  tlie  great  rapidity  with  which  bodies  fall, 
it  is  impossible  to  measure  this  distance  with  any  accuracy ;  nor 
is  this  necessary,  since  we  have  in  the  pendulum  an  instrument 
by  which  we  can  determine  indirectly  the  value  of  g  with  great 
precision. 

(oO.)  Pendvlum,  —  A  pendulum  is  a  heavy  body,  suspended 
from  a  fixed  point  by  a  rod  or  cord.  If  the  centre  of  grarity  of 
the  body  is  directly  under  the  point  of  support,  the  body  remains 
at  rest ;  but  if  the  body  be  drawn  out  of  this  position,  so  that 
the  centre  of  gravity  will  be  on  either  side  of  the  vertical  line 
passing  through  the  point  of  support,  then  the  body,  when  disen- 
gaged, will  fall  towards  the  vertical  line,  and  in  consequence  of 
its  inertia  will  continue  its  motion  beyond  the  vertical  line  until 
it  comes  to  rest.  It  will  then  return  to  the  vertical,  and  thus 
oscillate  from  side  to  side.  In  order  to  investigate  the  phe- 
nomena of  this  kind  of  motion,  the  mathematicians  study  at  first 
an  ideal  pendulum,  which  they  call  a  simple  pendulum^  to  distin- 
guish it  from  the  actual  material  pendulumj  which  they  call  a 
compoufid  pendulum, 

(f)!.)  Simple  Pendulum,  —  A  simple  pendulum  consists  of* 
material  point  suspended  to  a  fixed  point  by  means  of  a  thread 
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mass  or  weight,  perfectly  flexible  and  iiiextenEible. 
pendulum  is  of  course  only  a  mathematical  abstrac- 
it  we  can  approach  gufScieotl;  near  to  it,  for  purposes 
-ation,  hy  suspending  a  Bmall  lead  bullet  to  a  fixed  point 
s  of  a  flue  silk  thread. 

A,  Fig.  2S,  be  such  a  simple  pendulum,  in  a  vertical  po- 
td  therefore  at  rest.  If  we  now  withdraw  it  to  the  poBi- 
i,  the  force  of  gravity  act- 
io point  B  in  the  direction 
f  be  decomposed  into  two 
nts;  one,  5  a,  which  will  be 
J  by  the  resistance  of  the 
jd  of  tlie  fixed  point  O;  the 

b,  (icrpendicular  to  O  E, 
ciiit^  unresisted,  will  move 
it  B  towards  the  vertical 
f  the  lino  Eg  represents 
nsity  of  the  force  of  griiv- 
1  B  b  represents  the  in- 
)f  the   second   component. 

f  we  suppose  the  amount 
r  concentrated  at  B  to  be  equal  to  the  unit  of  mass,  and 
t  the  angle  BOA  by  a,  wc  shall  have,  for  the  value  of 
nd  com[»oneiit,  g  sin  a.  This  component  will  evidently 
iu  intensity  as  the  pendulum  approaches  the  vertical, 
he  vertical  will  become  nothing.  It  appears,  therefore, 
force  will  be  continuous,  but  not  constant ;  and  hence, 

[)endulum  will  move  with  an  accelerated,  but  not  with 
nly  accelerated  motion  (20),  in  the  arc  of  a  circle  whose 

equal  to  0  B. 

g  reached  tlic  vertical  O  A,  the  pendulum,  in  virtue  of  its 
im,  will  rise  with  a  retarded  motion  toward  O  B' ;  and 
:  action  of  gravitation  in  retarding  the  motion  must  bo 
■qual  to  its  previous  action  in  accelerating  it,  it  follows 
■)  that  the  momentum  will  not  be  destroyed  until  the 
,11  has  moved  over  an  arc,  A  B\  equal  to  A  B.  At  B'  it 
}V  an  instant  at  rest,  and  then  full  back  again  to  A,  rc- 
)  B,  and  thus  continue  indefinitely,  supposing  there  wcro 
lauee.  In  actual  practice,  however,  with  a  compound 
m,  the  resistance  of  the  air,  the  rigidity  of  the  thread, 
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and  the  fnction  at  the  point  of  support,  rapidlj  diminish  the 
arc  through  which  it  moves,  and  finally  arrest  the  motion  al- 
together. Br  diminishing  these  resistances,  the  motion  maj  be 
made  to  continue  for  a  proportionally  longer  time ;  and  a  pendu- 
lum has  been  known  to  continue  oscillating  iu  a  vacuum  for 
several  hours. 

Each  motion  of  the  pendulum  from  B  to  B'^  or  firom  B'  to  £, 
is  called  one  oscillation^  and  the  angle  B  O  B*  is  called  tlie  anqdi- 
tude  of  tlie  oscillation. 

(52.)  Isochronism  of  the  Pendulum,  —  It  is  evident  that  the 
length  of  time  required  for  a  single  oscillation  of  the  pendulum 
O  Aj  Fig.  28,  must  be  absolutely  the  same,  so  long  as  the  ampli- 
tude of  the  oscillation  remains  constant ;  but  also,  what  is  more 
remarkable,  it  is  true  that  the^time  required  for  each  oscillatioii 
of  the  pendulum  is  but  little  influenced  by  the  amplitude  of  ttie 
oscillation ;  and,  for  all  practical  purposes,  the  time  of  osdllar 
tion  may  be  regarded  as  equal  for  all  amplitudes  not  exceeding 
three  or  four  degrees.  This  singular  property  of  the  pendulum 
is  termed  isochronisniy  from  two  Greek  words  signifying  equal 
tim€j  and  the  oscillations  of  the  pendulum  are  said  to  he  iso- 
chronous. Two  oscillations  of  the  pendulum  are  not,  however, 
absolutely  isochronous,  unless  the  difference  between  their  am- 
plitudes is  infinitely  small. 

(53.)  Formula  of  the  Pendulum.  —  If  we  represent  by  T  the 
time  of  oscillation  of  a  pendulum  in  seconds,  by  /  its  length  in 
fractions  of  a  metre,  by  g-  the  acceleration  produced  by  gravity 
each  second,  and  by  n  the  ratio  of  the  circumference  of  a  circle 
to  its  diameter,  the  value  of  T  may  be  found  to  be 


-'Jf 


[30.] 


when  tlie  amplitude  of  the  oscillation  is  infinitely  small.  If  the 
ain}>litude  is  not  infinitoly  small,  but  only  very  small,  then  ^^ 
have 


''=''J,-0+">       '''■' 


when  a  is  the  ratio  of  the  length  of  the  arc  J.  JB,  Fig.  28,  to  the 
length  of  tlie  pendulum.  The  truth  of  these  formulae  cannot 
readily  be  demonstrated  without  the  aid  of  the  higher  mathe- 
matics, and  we  must  therefore  refer  the  student  to  works  oa 
Ajialytical  Mechanics  for  the  demonstration. 
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al  important  truths  are  expressed  in  these  fonuulad :  — 
\e  duration  of  an  oscillcUion  does  not  depend  on  its  amplir 
en  this  is  infinitely  small^  and  is  but  slightly  influenced 
mplitude  even  when  it  is  as  large  as  three  or  four  de- 
By  substituting,  in  [30],  /=1,  and  §•  =  9.809,  we 
obtain,  for  the  time  of  vibration  of  a  pendulum  one 
ong,  at  the  latitude  of  Paris,  T=  1.003086.  By  sub- 
5  in  [31]  the  same  values,  and  also  a  =  3.1416  -r-  90  s= 
we  should  obtain,  for  the  time  of  vibration  when  the  am- 
was  four  degrees,  T  =  1.003161,  which  diflFers  from  the 
ue  by  only  the  0.000076  of  a  second. 
he  duration  of  the  oscillation  is  proportional  to  the  square 
the  length  of  the  pendulum.     Substituting,  in  equation 

=    I  —  ,  which  is  a  constant  quantity  at  any  given 

le  equation  becomes  T=  C  a/T.     For  a  pendulum  of 
length,  as  Z',  we  have   T'  =  C  a/F,  and,  comparing 

T  I  T'  =  ^T  :  ^T;  [32.] 

) 

l:l'=  T^i  T\  [33.] 

he  duration  of  the  oscillation  of  a  pendulum  of  an  inva- 
ength  is  inversely  proportional  to  the  square  root  of  the 
y  of  gravity.  Substituting,  in  equation  [SO],  0^=^/iJti^\ 
s  a  constant  quantity  when  /  is  supposed  invariable,  we 

r=  O  _.  For  another  place,  where  tlie  intensity  of 
is  o-'j  we  have  T  =  O    LL  ;  hence. 

Compound  Pendulum.  —  We  have  hitherto  supposed 
3  pendulum  is  a  heavy  mass,  of  indefinitely  small  magni- 
ispended  by  a  string  or  a  rod,  having  no  weight.  Such 
ilum  is,  as  has  been  stated,  a  pure  abstraction,  and  can 
K5  realized  in  practice.  The  pendulum  which  must  be 
all  our  experiments  is  a  compound  pendulum,  consisting 
:avy  weight,  suspended  to  a  fixed  point  or  axis,  by  means 
^d  rod  of  wood  or  metal.     The  particles  of  such  a  pendu- 
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Inm  must  necessarily  be  at  diflFcrent  distancas  from  the  point  of 
suspension,  and  must  therefore  tend  to  oscillate  in  different  times. 
Hence,  the  time  of  oscillation  of  the  whole  pendulum  will  not  he 
the  same  as  that  of  a  simple  pendulum  of  the  same  length,  aud 
the  difference  becomes  of  much  importance. 

The  theory  of  the  simple  pendulum  may  be  extended  to  tbc 
compound  pendulum,  by  regarding  the  last  as  consisting  of  as 
many  simple  pendulums  as  it  contains  material  particles.  Were 
these  free  to  move,  they  would  oscillate  in  different  times,  deter- 
mined by  their  distances  from  the  point  of  suspension  ;  but  they 
form  parts  of  a  rigid  system,  and  they  are  therefore  all  compelled 
to  oscillate  in  the  same  time.  Consequently,  the  oscillations  of 
the  pai-ticles  near  the  point  of  suspension  are  retarded  by  the 
slower  oscillations  of  those  below  them  ;  and,  on  the  other  hand, 
the  oscillations  of  the  particles  near  the  lower  end  of  the  pendu- 
lum are  accelerated  by  the  more  rapid  oscillations  of  those  aboTe 
them.  At  some  point  on  the  axis  of  the  pendulum,  intermediate 
between  these,  tliere  must  be  a  particle  whose  natural  oscillation 
is  neither  accelerated  nor  retarded,  and  where  the  several  effects 
will  be  all  balanced,  all  the  particles  above  it  having  exactly  the 
same  tendency  to  oscillate  faster  that  the  particles  below  it  hare 
to  osciUate  slower.  This  point  is  called  the  centre  ofosciUationy 
and  it  is  obvious  that  the  time  of  oscillation  of  a  compound  pen- 
dulum is  exactly  the  same  as  that  of  a  simple  pendulum  whose 
length  is  equal  to  the  distance  of  tlie  centre  of  oscillation  from 
tlie  point  of  suspension.  This  distance  is  the  virtual  or  acting 
length  of  the  pendulum,  and  equations  [30]  and  [31]  will  apply 
to  compound  pendulums,  by  substituting  for  /  their  virtud 
lengih.  By  the  length  of  a  pendulum,  no  matter  wliat  may  be 
its  form,  is  always  to  be  understood  the  virtual  length,  unless 
the  reverse  is  expressly  stated. 

(55.)  Position  of  the  Centre  of  Oscillation.  —  When  the  form 
of  the  pendulum  is  given,  the  position  of  the  centre  of  oscillation 
can  be  calculated  ;  but  as  the  methods  of  calculation  involve  the 
principles  of  the  higher  mathematics,  they  cannot  readily  be  ex- 
plained in  this  connection.  The  centre  of  oscillation  can  also  be 
found  experimentally,  by  making  use  of  the  following  remarka- 
ble property  of  the  compound  pendulum,  first  demonstrated  by 
Huyglien^. 

If  a  pendulum  be  inverted  and  suspended  by  its  centre  of  os- 
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llation,  its  former  point  of  suspension  will  become  its  new  centre 
oscillation,  and  the  time  of  vibration  will  remain  the  same  as 
fore.     This  property  is  usually  expressed  by  saying,  that  the 
ntres  of  oscillation  and  suspension  are  interchangeable. 
Tins  property  of  the  pendulum  may  be  verified  by 
cans  of  a  reversible  pendulum,  Fig.  29.     This  pendu- 
m  is  furnished  with  two  knife-edges,  a  and  6,  which, 
len  the  pendulum  is  in  use,  rest  on  platQS  of  steel  or 
ate.    If  a  is  the  axis  of  suspension,  and  b  the  axis  of 
^illation,  determined  by  calculation,  the  pendulum  will 
found  to  oscillate  in  thd  same  time  on  either  knife^ 
^.    If  the  position  of  the  axis  of  oscillation  is  not 
own,  it  can  easily  be  found  by  sliifting  the  position  of 
}  lower  knife-edge,  until,  on  trial,  tlie  pendulum  is 
md  to  oscillate  in  equal  times  on  both.     The  lower 
ife-edge  is  then  in  the  axis  of  oscillation.     A  pen- 
lum  of  this  kind  was  used  by  Captain  Kater,  in  his 
termination  of  the  length  of  the  seconds  pendulimi, 
sntioned  on  page  12. 

When  the  pendulum  consists  of  a  fine  thread  and  a 
»vy  ball,  the  centre  of  oscillation  very  nearly  coin- 
des  with  the  cefitre  of  gravity,  and  such  a  pendulum 
ui  be  used  for  ascertaining  approximatively  the  virtual 
ngth  of  a  compound  pendulum.  By  shortening  or 
'Dgthening  the  thread,  a  length  can  easily  be  foimd 
ith  which  the  pendulum  will  oscillate  in  the  same 
flie  with  the  compound  pendulum.  This  length  will 
^n  be  approximatively  the  virtual  length  sought. 
(56.)    Use  of  the  Pendulum  for  Measuring  Time.  — 

in  the  equation  T=  n    [-,  we    substitute    for  T 

aity,  and  for  jt  and  g  the  values  already  given,  we  shall 
id,  for  the  length  of  a  pendulum  vibrating  seconds  at 
aris,  the  value  /  =  0.993781  m.     The  lengths  of  pen- 
ulums  vibrating  in  2,  3,  and  4  seconds  would  be  by  (33) 
,  9,  and  16  times  this  length.     In  order  to  use  the     ^** 
?conds  pendulum  for  measuring  time,  it  is  only  necessary  to  con- 
ect  with  it  a  mechanism  by  which  its  beats  may  be  recorded  and 
s  motion  maintained.    Such  a  mechanism  constitutes  a  common 
lock,  the  essential  parts  of  which  are  represented  in  Pig.  30. 
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number  of  revolutions  of  the  mihute-hand  up  to  twelvei  or  half 
a  day. 

K  the  pendulum  and  escapement  were  removed  from  a  clock, 
there  would  be  nothing  to  prevent  the  train  of  wheels  from  being 
turned  round  with  great  rapidity  by  the  weight  or  spring  acting 
oa  it,  and  the  clock  would  speedily  run  down.     On  the  other 
luuid,  were  there  not  some  means  of  communicating  to  the  pen- 
dulum occasional  impulses,  it  would  soon  be  brought  to  rest  by 
the  resistance  of  the  air  and  the  resistance  due  to  the  mode  of 
suspension.     To  prevent  this,  the  escapement  is  so  constructed  as 
to  give  a  very  slight  additional  impulse  to  the  pendulum  at  each 
oscillation.     The  ends  of  the  two  hooks,  a,  6,  are  cut  so  as  to  pre- 
sent to  the  teeth  of  the  scape-wheel  inclined  surfaces.     As  the 
tooth  of  the  wheel  leaves  one  of  these  hooks,  its  extremity 
slides  over  this  inclined  plane  with  a  considerable  force,  commu- 
nicated by  the  weight,  so  as  to  throw  the  escapement  forward 
with  a  slight  impulse  the  moment  the  tooth  is  set  free.     This  im- 
pulse is  communicated,  through  the  axis  o  o'  and  the  artn  of^to 
the  pendulum.     If  the  weight  is  increased,  the  force  with  which 
the  impulse  is  given  will  be  greater ;  and  the  pendulum,  receiv- 
ing a  greater  impulse  at  each  oscillation,  will  swing  through  a 
greater  arc.     As  this  will  slightly  increase  the  time  of  each  oscil- 
lation (53),  the  addition  of  weight  will  make  the  clock  go  slower. 
The  change  of  rate  in  a  clock  caused  by  the  expansion  and  con- 
traction of  the  pendulum,  will  be  considered  in  the  chapter  on 
Heat. 

(57.)  Use  of  Pendulvm  for  Measuring  the  Force  of  Grav- 
fty.  —  By  transposing,  we  obtain  from  equation  [30]  the  value 
off: 

g-  =  ^  ^2 ;  [35.] 

from  which,  when  we  know  the  length  of  a  pendulum  which  os- 
cilktes  in  a  given  time,  T,  we  can  easily  calculate  the  value  of  g 
for  the  place  of  experiment.  If,  in  the  last  equation,  we  place 
r=  1,  then  /  denotes  the  length  of  the  seconds  pendulum,  and 
we  obtain  for  the  value  of  §•, 

g  =  l7^.  [36.] 

In  order,  then,  to  measure  the  intensity  of  gravity  at  any  place,  we 
have  only  to  oscillate  a  pendulum  whose  virtual  length  is  known, 
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and  observe  the  time  of  a  single  oscillation.  This  observation 
is  readily  made  by  counting  a  large  number  of  oscillations,  and 
observing  the  time  occupied  by  the  whole  number.  This  time, 
divided  by  the  number  of  oscillations,  gives  the  duration  of  a 
single  oscillation  with  great  accuracy,  because  any  error  we  may 
have  made  in  observing  the  time  is  thus  greatly  divided. 

By  this  method  Borda  and  Cassini,  in  1790,  measured  with 
great  accuracy  the  intensity  of  gravity  at  the  Observatory  of 
Paris.  The  pendulum  which  they  used  consisted  of  a  sphere  of 
platinum,  suspended  to  a  knife-edge  by  means  of  a  fine  platinum 
wire.  The  knife-edge  rested  on  an  agate  plate,  and  the  whole 
pendulum  was  about  four  metres  long.  Instead  of  counting  di- 
rectly the  number  of  oscillations,  Borda  compared  the  motion  of 
his  pendulum  with  that  of  a  clock  placed  behind  it.  On  the  ball 
of  the  clock's  pendulum  a  vertical  mark  indicated  the  position  of  its 
axis,  and  a  small  telescope,  placed  a  few  metres  in  front,  enabled 
him  to  observe  when  the  wire  of  his  pendulum  exactly  coincided 
with  the  vertical  mark.  Starting  from  a  moment  when  the  two 
coincided,  he  observed  the  number  of  seconds  before  such  coinr 
cidence  occurred  again  ;  and  knowing  this,  he  was  able  at  once  to 
calculate  the  number  of  oscillations  of  the  pendulum  which  oc- 
curred during  an  observed  number  of  seconds  by  the  clock.   Let 

V  be  the  number  of  oscillations  of  the  seconds  pendulum  between 
the  coincidences,  then  r  it  2  will  be  the  number  of  oscillations 
of  the  experimental  pendulum  in  the  same  interval,  that  is,  in 

V  seconds,  and will  be  the  number  in  one  second.    Hence, 

V 

if  /?  is  tl¥3  number  of  oscillations  of  the  pendulum,  and  t  the 
number  of  seconds  observed  by  the  clock,  we  shall  have 

p = ,  i  ±-?  = « *  V  >         m 

an  equation  by  which  we  can  calculate  the  number  of  oscillations 
in  a  given  time,  without  behig  obliged  to  count  them.  In  tliese 
experiments,  the  pendulums  were  enclosed  in  glass  cases  to  pro- 
tect them  from  currents  of  air,  and  separated  from  each  other 
by  glass,  so  that  they  should  not  react  on  each  other  through 
this  fluid. 

As  the  amplitude  of  the  oscillations  is  not  infinitely  small,  but 
only  very  small,  in  such  experiments,  it  is  important  to  correct 
the  number  of  oscillations  observed  as  above,  and  substitute  for 
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it  in  the  calculation  the  number  which  would  have  occurred  had 
the  amplitude  been  really  infinitely  small.  If  we  call  the  duration 
of  an  oscillation  which  is  infinitely  small  T,  and  that  of  one  which  is 

oulyTery  small  T',  we  have  from  [30]  and  [31]  T'=t{i-{-^\ 

where  a  is  equal  to  one  half  the  arc  which  measures  the  am- 
plitude. Now,  as  the  nxunber  of  oscillations  in  a  given  time  is 
inversely  as  their  duration,  we  have  T'  :  T=zn  :  n' ;  and  hence, 


n  =  «'(l+f^^),  [38.] 


where  n  is  the  required  number  of  oscillations,  and  n'  the  ob- 
served number.  The  amplitude  is  measured  by  means  of  a  hori- 
zcmtal  scale  placed  behind  the  pendulum,  and^  as  it  sensibly 
diminishes  during  the  experiment,  we  take  for  the  value  of  a 
in  [38]  the  mean  amplitude  during  the  time  of  observation. 

The  value  of  g  found  by  the  above  formulse  is  a  little  too 
small,  owing  to  the  fact  that  the  force  of  gravity  acting  on  the 
mass  of  the  pendulum  is  balanced  to  a  slight  degree  by  the  buoy- 
snej  of  the  air,  and  it  is  necessary  to  correct  the  result  for  this 
cause  of  error.  The  principles  from  which  this  correction  may 
he  calculated  will  be  explained  in  Chapter  III.  It  will  there  be 
Aown  tliat  a  body  is  buoyed  up  in  a  fluid  by  a  weight  equal  to 
the  weight  of  fluid  which  it  displaces.  Hence,  if  W  represents 
the  weight  of  a  body  in  a  vacuum,  and  w  the  weight  of  air  it 
displaces  at  a  given  temperature  and  under  a  given  pressure, 
then  W —  M?  is  the  weight  of  the  body  in  the  air  at  this  temper- 
ature and  pressure.      If  we  put  d  =  r^,  the  small    fraction 

which  represents  the  ratio  of  the  weight  of  the  air  to  the  weight 
of  the  body,  we  shall  easily  obtain 

W—w=W—d  W=  W(l  —  3). 

Representing  the  weight  of  the  body  in  air  ( TT  —  w^  by 
IF',  we  obtain,  for  the  relation  between  the  weight  of  a  body 
in  air  and  in  a  vacuum,  the  equation  W  =•  W  (1  —  5).  It 
will  be  shown,  in  one  of  the  following  sections,  that  the  weights 
of  the  same  body  under  diflFerent  circumstances  arc  proportional 

to  the  intensities  of  gravity,  and  hence  that  -=-  =  —;  substi- 
tuting this,  we  have,  for  the  relation  between  the  actual  intensity 
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of  gravity,  g^  and  the  apparent  intensity  when  the  experiments 
are  made  in  air,  g'j 

It  appears,  however,  fix)m  the  experiments  of  Bessel,  which  were 

confirmed  by  the  calculations  of  Poisson,  that  the  loss  of  weight 

which  the  pendulum  suffers  in  air  is  much  greater  when  it  is  in 

motion  than  when  at  rest,  so  that  a  still  further  correction  must 

be  made  to  eliminate  this  source  of  error ;  but  for  the  details  of 

this  and  of  the  other  corrections  which  are  required,  we  must 

refer  the  student  to  Bessel's  original  Memoirs. 

(58.)   Value  of  g.  —  By  the  method  described  in  the  last  8e^ 

tion,  Borda  and  Cassini  found  for  the  intensity  of  gravity  at  the 

Observatory  of  Paris  the  number  g  =  9.8088.     This  value  has 

since  been  redetermined  by  Biot,  Arago,  Mathieu,  and  Bourard, 

who  used  the  same  process,  except  that  they  employed  a  shorter 

pendulum,  and  obtained  almost  absolutely  the  same  results. 

Bessel,  by  correcting  for  the  loss  of  weight  in  the  air  due  to  the 

motion  of  the  pendulum,  found  for  the  value  of  the  intensity  rf 

gravity  at  Paris, 

g  =  9.8096, 

which  is  probably  the  most  accurate. 

The  value  of  g  has  also  been  determined  at  different  points  on 
the  earth's  surface,  with  more  or  less  accuracy,  by  different  ob- 
servers. Some  of  these  results  are  collected  in  the  following 
table,  which  has  been  taken  from  Daguin's  Traits  de  Physique, 
The  length  of  the  seconds  pendulum  is  easily  calculated  from  the 
values  of  g  by  means  of  equation  [36]. 


stations. 


Spitzbei^gen, 

Stockholm, 

Konigsberg, 

Paris, 

He  Rawak, 

lie  de  France, 

Cape  of  Good  Hope, 

Cape  Horn, 

New  Shetland, 


UtitadM. 

79  49  58*k. 
S9  20  34 

54  42  12 
48  50  14 

0     I  348. 
20     9  23 
33  55  15 

55  51  20 
62  56  U 


Valoe  of  g. 

SeooDda 
Pendolam. 

9.83141 

m. 
0.99613 

9.81946 

0.99492 

9.81443 

0.99441 

9.80979 

0  99394 

978206 

0  99113 

978917 

0.99185 

9.79696 

0.99264 

9.81650 

099462 

9.82253 

0.99523 

ObMrvns. 


Sabine. 

Svanbeig. 

Bessel 

Biot,  etc. 

Preydnet 

Dnperrey. 

Frcycinet 

Foster. 

Foster. 


It  appears  from  this  table,  that  the  intensity  of  the  force  of 
gravity  gradually  increases  with  the  latitude  as  we  go  from  th& 


GENERAL  PBOFEBTIEB  OP  HATTER.  77 

owards  either  pole.  In  general,  the  value  of  g  for  any 
:an  be  determined  Bufliciently  near  for  all  purposes  of 
]j  means  of  tlie  formula, 

g-  =  9.80604  (1— 0.0025935. co82i),  [40.] 

X  is  tlie  latitude  of  tlie  place,  and  9.80604  the  value 

iie  latitude  of  45°.      By  substituting  for  A,  0°  or  90°, 

]  at  the  equator  g  =  0.780642,  and  at  the  poles  g  ^ 

It  does  not  appear,  however,  that   the  intensity  of 

rigorously  the  same  at  all  points  on  tlie  same  parallel  of 
or  at  corresponding  points  in  the  northern  and  southern 
res.  Irregularities  in  this  respect  were  noticed  in  tlie 
lent  of  Uie  arc  of  the  meridian  in  France,  and  also  by 
it  the  Cape  of  Good  Hope. 

variations  in  the  intensity  of  gravity  on  the  earth's  snr^ 
md  mainly  on  two  causes  ;  first,  on  the  centrifugal 
•■  to  the  earth's  revolution  on  its  axis,  which  is  at  ita 
3  on  the  equator,  and  gradually  diminishes  towards  the 
ere  it  disappears ;  secondly,  on  the  spheroidal  character 
rtli,  in  consequence  of  which  a  body  at  the  poles  is  more 
attracted  by  the  mass  of  the  earth  thau  it  is  at  the 
We  will  consider  the  eSect  of  each  of  these  causes 


Cenlrifagal  and  Centripetal  Force.  —  It  has  already 
id  (25),  that  a  curvilinear  motion  is  the  resultant  of  two 
which  obey  different 
luis,  in  Fig.  31,  the 
motion  of  a  ball  sliot 
lly  from  a  fort  is  tlie 
of  a  uniform  motion 
-cctioii  of  a  m,  and  of 
lly  accelerated  motion 
ircction  of  a  n.  We 
K  that  this  motion  is 
t  of  two  forces,  one 
,s  acted,  and  the  other 
:  still  acting,  on  the 
St,  the  projectile  force 
■wder,  which  has  given 


ill  a  certain  momentum,  M  b, 

7» 


ng.ai. 
1  virtue  of  which  it  will 
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continue  to  moTO  until  its  motion  is  aircsted  by  an  equ 
force  acting  for  an  equivalent  time  in  the  opposite  d.n 
second,  the  force  of  gravity,  a  coustaut  force  botli  in  di 
aud  intensity.     Compare  (ii7)  and  (2!)). 

Let  UB  now  consider  tlie  conditions  of  Fig.  81  to  be 
clianged,  ttiat  the  consfaiU  force  no  longer  acts  in  dircctio 
allcl  to  itself,  but  in  direclious  which  all  converge  to  one 
Such  a  force  may  be  regaj 
an   attractive   force  ema 
fram  this  point,  and  is 
fore    frequently   called 
tral force.    Let  us  then  s 
that  in  Fig.  32  we  have, 
fore,  a  ball  moving  with 
tain  momentum  in  tlie  dii 
a  m,  communicated  to  it 
nally  by  a  force  acting 
given  time  with  a  given  i 
fi,.  at.  ty,  but  which  has  ceased 

Let  us  also  suppose  th 
same  ball  is  attracted  towards  a  g:iven  point,  C,  by  a  fore 
atant  in  intensity.  What  will  be  the  resulting  motion  of  thi 
Lot  t)  be  the  velocity  in  the  direction  a  m,  and  n  be  the  no 
tion  of  the  given  force.  In  a  small  fraction  of  a  second, 
we  may  take  as  small  as  we  please,  the  ball  will  move  iu  I 

roction  a  m  over  a  space  a  ^,  equal  to  — ,  where  n  is  the  n 
of  intervals  into  which  the  unit  of  time  has  been  divided, 
same  time  it  will  move  in  tlic  direction  a  C  over  a  space  a  b. 
to  \  - ,  [."i].  The  resultant  of  these  motions,  on  the  pri 
of  (2j),  wiil  Iw  a  curved  line  pa-ssing  through  the  point  P, 
can  bo  found  by  completing  the  parallelogram  a^  Pb.  A 
at  tlio  [mint  Py  the  direction  of  its  original  motion  has 
oliangod,  that,  if  the  central  attraction  ceased  to  act  at  thi 
ment,  the  ori^nal  momentum  would  cause  it  to  move 
direction  P  tty  tangent  to  the  curve  at  tlie  point  P,  which,  a 
iug  to  the  principle  of  geometry,  may  bo  regarded  as  the  ( 
uiition  of  the  direction  iu  which  it  was  moving  at  the  ii 
The  wutral  force,  however,  does  not  cease  to  act,  and  duri 
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next  small  Interral  of  time  the  same  thing  is  repeated.     In  virtue 
of  the  momentum,  the  ball  will  pass  over  the  distance  Py^  equal 

to  -,  and  in  virtue  of  the  central  force  will  move  towards  the 
centre  by  an   amount,  Pc^  equal  to  J  — j"*      "^^^  resultant  of 

these  motions  will  be  a  second  curved  line,  similar  to  the  first, 
and  a  continuation  of  it,  passing  through  Q.  Tlie  same  thing 
will  be  again  repeated  every  succeeding  interval  of  time,  and 
thus  the  motion  resulting  from  the  two  forces  will  be  a  curved 
line  bending  towards  the  central  point  C,  the  central  force  con- 
stantly changing  the  direction  of  the  original  momentum.  It  is 
easy  to  see,  that,  with  a  certain  relation  between  the  momentum 
and  the  intensity  of  the  central  force,  the  distance  of  the '  ball 
from  the  centre  would  keep  always  the  same,  and  the  path  of  the 
ball  would  be  a  circle.  If  the  central  force  were  greater  rela- 
tively to  the  momentum  than  this,  then  the  ball  would  be  drawn 
eacli  second  nearer  to  the  centre,  and  the  radius  of  the  curvilinear 
path  would  as  regularly  shorten ;  if  the  central  force  were  relative- 
ly less,  the  ball  would  evidently  recede  from  the  centre,  and  the 
radius  of  its  path  would  lengthen.  If,  however,  we  suppose  that 
the  central  force  diminishes  as  the  body  recedes  from  the  centre, 
and  increases  as  it  approaches  it,  so  that  the  intensity  is  always 
inversely  as  the  square  of  the  distance,  then  it  can  easily  be 
proved  mathematically  that  the  path  of  the  ball  will  return  into 
itself,  and  will  be  an  ellipse.  We  shall  have  only  to  deal  with  that 
particular  case  where  the  path  is  a  circle.  In  this  case,  the 
ball  remaining  constantly  at  the  same  distance  from  the  centre, 
the  whole  central  force  is  expended  in  changing  the  direction  of 
the  original  motion,  and  is  evidently  jubt  balanced  every  instant 
by  the  inertia  of  the  mass  of  the  ball. 

Tlie  force  which  arises  from  the  inertia  of  the  ball  is  called 
the  cmtrifugal  force^  while  the  central  force  by  which  it  is  re- 
trained and  kept  on  the  circumference  is  called  the  centripetal 
fvrce.  The  term  centrifngal  force  is  very  liable  to  be  misunder- 
rtood.  It  is  frequently  supposed  to  imply  a  force  which,  acting 
alone,  would  cause  the  ball  to  fly  directly  from  the  centre  ;  but 
we  must  bear  m  mind  that  the  centrifugal  force  cannot  act  alone, 
rince  it  has  no  independent  existence.  When  the  centripetal 
force  ceases  to  act,  then  the  centrifugal  force  ceases  to  exist,  and 
the  mommtum  of  the  moving  body  tends  to  carry  it  forward  in 
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the  straight  line  tangent  to  the  circle  at  the  point  at  which 
the  centripetal  force  ceases  to  draw  it  from  the  circumference. 
The  body  will,  it  is  true,  then  recede  from  the  centre ;  but  it 
will  only  do  so  by  passing  along  the  tangent,  the  distance  of 
which  from  the  centre  is  continually  increasing,  and  not  bj 
flying  in  a  direction  opposite  to  the  centre  of  attraction.  Its 
action,  however,  will  bo  to  cause  the  particles  of  a  body  in  rapid 
revolution  to  take  their  places  at  the  greatest  possible  distance 
from  the  centre. 

The  measure  of  the  centrifugal  force  in  Pig.  32  is  obviously 
the  amount  of  restraint  required  to  keep  the  ball  on  the  circum- 
ference of  the  circle,  and  it  is  measured  by  the  intensity  of  the 
centripetal  force,  which,  on  our  supposition,  just  balances  it. 
Calling,  then,  the  centrifugal  force  (ET,  the  acceleration  of  the  cen- 
tripetal force  V,  and  the  mass  of  the  ball  My  we  have,  by  [14], 

([[=Mv.  [41.] 

• 

Since,  however,  we  only  know,  as  a  general  rule,  the  velocity  rf 
the  motion  of  a  ball  on  the  circle  and  the  radius  of  the  circle,  it 
is  important  to  obtain,  if  possible,  an  expression  of  the  intensity 
of  the  centrifugal  force  in  terms  of  these  two  quantities.  This 
can  easily  be  obtained  by  the  prmciples  of  geometry. 

Let  a  P,  Fig.  82,  be  the  arc  described  by  the  ball  in  an  interval 
of  time  so  small  that  the  arc  may  be  considered  as  equal  to  the 

chord.     Call  this  interval  —  of  a  second,  where  n  may  be  as  large 

as  you  please.     Represent  by  v  the  velocity  of  the^^&pn  the 

circumference ;  then  —  is  equal  to  the  length  of  jpR&c  a  P. 

Represent  next,  by  t),  the  unknown  acceleration  of  the  cen- 
tripetal force  ;  then   the  distance  a  &,   through  which  the  ball 

would  move  luider  the  influence  of  this  force  alone  in  —  of  a 

n 

second,  will  be,  by  [5],  J  -j.  We  have,  by  geometry,  ab  :  aP^ 
a  P  :  a  D  \  from  this  proportion,  by  substituting  the  above  val- 
lies,  we  obtain    J  -^  :  —  =  — :  2  iJ,     or    d  =  -j,-  ;    and  substi- 

tuting  this  value  of  0  in  [41],  we  obtain,  for  the  intensity  of 
the  centrifugal  force, 

or  =  ilf  ^.  [42.] 
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We  can  give  this  expression  another  form,  which  is  more  con- 
Tenient  for  use.  Tlie  expression  t),  which  represents  the  velocity 
of  the  ball,  denotes  tlie  number  of  metres  which  it  passes  over  in 
one  second.  If,  then,  we  represent  by  T  the  number  of  seconds 
occupied  by  the  ball  in  going  once  round  the  circle  (its  period  of 
reTolution),  and  by  2  ii  tt,  as  usual,  the  circiunference  of  the 

circle,  we  shall  have  V  =     y    .      Substituting  this  value    in 
,  we  obtain 

€  =  Jtfi^,  [43.] 

which  is  an  expression  for  the  intensity  of  the  centrifugal  force 
in  terms  of  the  time  of  revolution,  the  radius  of  the  circle  de- 
scribed, and  the  mass  of  the  body. 

If  a  weight  is  whirled  round  at  the  end  of  a  string,  the  action 
of  the  centrifugal  force  is  shown  in  the  tension  of  the  string,  and 
the  only  difference  between  this  and  the  previous  example  is,  that 
the  resistance  of  the  string  takes  the  place  of  the  attractive  force. 
If  the  string  breaks,  the  weight  flies  off  on  a  line  which  is  a  tangent 
to  file  circle  which  the  weight  had  described.  In  like  manner, 
the  particles  of  water  on  the  rim  of  a  revolving  grindstone  tend 
to  fly  off  from  the  surface,  but  are  kept  in  place  by  the  adhesive 
attraction  of  the  stone  ;  when,  however,  the  revolution  becomes 
iiapid,  the  centrifugal  force  overcomes  the  adhesion,  and  the 
^ater  is  thrown  off  in  lines  which  are  tangent  to  the  cylindrical 
^ace.  Not  unfrequently,  when  the  revolution  is  very  rapid, 
^ke  centrifugal  force  overcomes  the  cohesion  between  the  parti- 
'les  of  the  stone  itself,  and  serious  accidents  have  resulted  from 
his  cause. 
Since  the  earth  is  revolving  rapidly  on  its  axis,  we  should  ex- 
pect to  find,  especially  at  the  equator,  a  manifestation  of  this 
ame  force ;  and  in  fact  we  do.  All  bodies  on  the  globe  not  sit- 
lated  exactly  at  the  poles  tend  to  fly  off  from  its  surface  on  lines 
tangent  to  the  parallels  of  latitude  on  which  they  revolve,  and 
are  only  prevented  by  the  force  of  gravity.  Were  the  rapidity  of 
the  earth's  revolution  more  than  seventeen  times  increased,  the 
torce  of  gravity  would  not  be  sufficient  to  restrain  bodies  on 
the  equator  from  obeying  this  tendency.  As  if  is,  however,  the 
cenirifugal  force  only  acts  to  diminish  the  intensity  of  the  force 
of  gravity ;  and  this  action,  which  is  greatest  at  the  equator, 
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gradually  diminiehes  as  we  go  towards  the  poles,  vliere  it  is 
nothing. 

We  can  easily  find  ttie  intensity  of  the  centrifugal  force  ai  the 
equator,  by  substituting  in  [43],  for  R,  the  value  of  tlie  equato- 
rial radius,  6,377,398  metres,  and  for  T  the  number  of  seconds 
in  a  day,  86,400.  The  value  of  the  centrifugal  force  then  be- 
comes, for  the  mass  M, 

€  =  MX  0.03373, 
and  for  the  units  of  mass, 

t  =  0.03873  (units  of  force}.  [44.] 

The  apparent  value  of  g  at  the  equator  is  less  than  ita  true 
value  by  exactly  the  amount  of  this  force.  Hence  the  full  value 
of  the  earth's  attraction  at  the  equator  is 

■  9.78062  -f-  0.03373  =  9.81435. 
For  any  other  latitude,  the  value  of  the  centrifugal  force  ii 
easily  found  by  assuming  that  the  earth  is  a  perfect  sphere.    In 
Fig.  33,  let  m  be  the  position  of  tlie  bodj 
on  the  globe  ;  then  m  O  B  =  AmO  = 
a  mf  is  the  latitude  of  the  place,  vliich 
wo  will  indicate  by  A ;  also  Am^Rcoil 
is  the  radius  of  the  parallel  of  latitude  on 
which  the  body  m  is  revolving.    The  value 
of  the  centrifugal  force,  in  terms  of  the  lat- 
itude, will  be  found  by  substituting  tliis 
'^**-  last  value  for  Kin  [43].   Making  this  sul^ 

stitution,  and  using  for  R  the  mean  radius  of  the  globe,  we  obtab, 
for  the  value  of  the  centrifugal  force,  mf  =  0.03367  cos  X.  This, 
however,  is  the  value  of  the  centrifugal  force  acting  in  the  direc- 
tion mf.  The  force  of  gravity  acts  in  the  direction  m  O,  audio 
order  to  ascertain  to  wtiat  extent  the  force  of  gravity  is  influenced 
by  the  contririigjil  force,  wo  must  decompose  the  last  into  two  com- 
ponents. Let  mf  represent  tlie  intensity  of  tlie  centrifugal  force, 
tlicn  »( a  and  m  b  will  represent  tlie  intonsities  of  two  components; 
the  first  of  which,  being  ojiposite  in  direction,  will  tend  to  neutral- 
ize the  force  of  gravity,  wliile  the  second,  being  perpendicular  in 
direction,  will  produce  no  effect  on  it.  The  value  of  the  compo- 
nent til  a  is  m  a  ^  mf  cos  A ;  and  substituting  for  mf  its  value 
as  above,  and  representing  always  by  t  that  componeut  of  tlio 
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;al  force  which  is  opposite  in  direction  to  gravity,  we 

C  =  0.08867  co8«  X.  [45.] 

n  easily  find  how  rapid  the  rotation  of  the  globe  must 
ier  that  the  centrifugal  force  at  the  equator  should  just 
the  attractive  force  of  gravity.  For  this  purpose  we 
y  to  substitute  for  C,  in  [43],  the  value  of  the  attractive 
:  found,  and  calculate  the  corresponding  value  of  T,  which 
3und  to  be  5,065  seconds.  Hence,  if  the  earth  revolved 
'),065  seconds,  or  in  l**  24"-  25* , —  that  is,  a  little  more 
en  teen  times  faster  than  it  does,  —  the  force  of  gravity 
uator  would  be.  just  balanced  by  the  centrifugal  force. 

The  Spheroidal  Figure  of  the  Earth.  —  The  second 
entioned  in  (58),  of  the  variation  of  gravity  with  the 

is  the  spheroidal  figure  of  the  earth,  in  consequence 

a  body  at  the  poles  is  more  strongly  attracted  by  gravity 
he  equator.  The  form  of  the  earth,  as  has  been  before 
i,  is  not  a  perfect  sphere.  It  is  flattened  at  the  poles, 
gure  is  best  described  as  an  oblate  ellipsoid  or  spheroid. 
i  of  the  earth  through  a  meridian  circle  is  therefore  not 
but  an  ellipse  of  very  small  eccentricity,  and  the  figure 
rth  may  be  conceived  as  generated  by  the  revolution  of 
ellipse  round  its  shorter  diameter  as  an  axis.     The  flat- 

thc  poles  amounts  in  round  numbers  to  about  ^^  of 
:orial  radius  ;  in  other  words,  the  polar  radius  is  about 
ter  than  the  equatorial.  This  deviation  from  a  true 
i  so  small,  that  it  could  not  be  detected  by  the  eye  in 
»n  globe,  but  in  the  earth  it  nevertheless  amounts  to 
teen  English  miles.  The  dimensions  of  the  earth  are 
V  as  follows  :  *  — 

of  the  earth,      1,082,842,000,000.000  cubic  kilometres. 

)f  the  earth,  509,961,000.000  square       " 

f  a  quadrant,  10,000.857  kilometres. 

al  radius,  6,377.398 

lius  (lat.  45°),  6,366.738 

lius,  6,356.079 

e  between  the  equa- 

and  |)olar  radius,  21.319         " 


data  are  all  taken  from  the  table  of  constants  in  Kohler's  "  liOgarithmisch- 
Tisches  Handbach." 
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Were  tlie  earth  perfectly  spherical,  a  plumb-line  at  any  point 
on  its  surface  would  point  exactly  to  its  centre,  and  the  centre  of 
figure  would  tlien  be  also  the  centre  of  attraction.  The  earth 
being  splieroidal,  tlie  phenomena  of  gravity  upon  its  surface  be- 
come less  simple.  The  plumb-line  does  not  point  exactly  to  the 
centre  of  the  earth,  except  at  the  equator  or  at  the  poles,  and, 
moreover,  there  is  no  fixed  centre  of  gravity.  In  Fig,  34,  itie 
line  A  P  is  supposed  to  represent 
a  quadrant  of  a  meridian,  of  wliich 
O  P  is  the  polar,  and  O  X  the  equa- 
torial radius.  Starting  from  &e 
eqiiator,  let  us  talte  etatious  only 
one  degree  distant  from  each  other 
on  this  meridian,  and  at  each  sta- 
tion coutinue  the  direction  of  the 
plumb-line  until  it  intersects  tlie 
plumb-line  similarly  produced  »i 
the  previoiis  station.  If,  in  the  fig- 
ure B,  C,  and  D  are  three  such 
points,  then  a,  b,  and  c  are  the  three  points  of  intersection,  and 
it  is  easy  to  see,  from  the  figure,  that  the  ninety  points  of  illle^ 
section,  which  would  be  obtained  by  producing  the  plumb-lines 
from  all  the  ninety  stations,  would  form  when  united  a  curved 
line,  flicp.  By  making  the  number  of  stations  infinite,  we 
should  of  course  have  an  infinite  number  of  points  of  intersec- 
tion ;  and  for  every  point  on  the  quadrant  A  P,  there  would  be 
a  corresponding  point  on  tlie  curve  a  p.  The  points  a,  b,  c,  etc- 
aro  termed  in  geometry  centres  of  curvature;  the  lines  jIo, 
Bb,  C  r,  etc.  are  called  radii  of  curvature  ;  and  the  curve  ap 
is  called  the  evohite  of  the  curve  A  P.  Now  it  can  be  easily  seen 
that  what  we  call  the  centre  of  attraction  of  the  cartli  for  anj 
IHiint  on  the  quadrant  A  P  \s,  the  corresponding  centre  of  curva- 
ture on  the  evolute  a  p.  At  A,  for  example,  the  attraction  of 
the  etirth  acts  as  if  it  originated  at  the  point  a ;  at  B,  as  if  it 
orijriiiatod  at  the  point  b,  etc.  The  intensity  of  the  force  which 
ivsidos  at  these  different  centres  is  not,  however,  the  same  ;  the 
intensity  at  rt.  for  example,  is  less  than  at  6,  at  b  less  than  at  e, 
otc.  It  gradually  increases  at  the  different  points  on  the  evolute 
fnun  (I  to  /». 

What  is  true  of  the  quadrant  A  P  must  be  true  of  every 
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[uadrant;  hence,  if  the  evolute  ap  is  revolved  on  its  axis,  Opj 
lie  surface  generated  would  be  the  locus  of  all  the  centres  of 
ittraction  for  points  on  the  upper  hemisphere  of  the  globe ;  and  if 
ie  evolute  a  //  is  revolved,  the  surface  generated  would  be  the 
^ocus  of  all  the  centres  of  attraction  for  points  on  the  lower  hemi- 
iphere  of  the  globe. 

It  is  evident,  from  the  above,  that  a  body  placed  at  the  equa- 
or,  and  a  similar  one  placed  at  the  pole  of  the  globe,  stand  in 
liffereut  relations  to  its  mass  as  a  whole,  and  we  should  natu- 
allj  expect  that  they  would  be  attracted  with  different  degrees 
f  force.  Newton,  Maclaurin,  Clairaut,  and  many  other  eminent 
eometers,  have  calculated  how  great  the  variation  of  gravity, 
fring  to  the  elliptic  form  of  the  earth  alone,  ought  to  be,  in  going 
x)m  the  equator  to  the  pole,  and  the  results  of  their  calcul%- 
ous  coincide  almost  precisely  with  those  of  observation  given 
)ove. 

It  Las  also  been  proved  by  the  same  mathematicians,  that  the 
2tual  form  of  the  earth  is  almost  precisely  that  which  would  re- 
lit from  the  revolution  of  a  liquid  mass  of  the  same  volume  and 
Jusity  once  in  twenty-four  hours ;  and  since  we  have  every  reason 
I  believe  that  the  globe  was  once  fluid,  and  that  it  is  even  so 
3w,  with  the  exception  of  a  comparatively  thin  crubt  on  its  sur- 
ce,  it  follows  that  the  cause  of  the  variation  of  gravity  just 
•iisidered  is  itself  an  indirect  result  of  the  centrifugal  force. 
(CI.)  Variatian  of  the  Intensity  of  Gravity  as  we  rise  above 
?  Surface  of  the  Earth,  —  The  law  by  which  the  intensity  of 
avitv  varies  with  the  distance  from  the  centre  of  force,  can  be 
covered  by  studying  the  effect  of  the  earth's  attraction  on  the 
>on,  as  compared  with  its  effect  on  bodies  near  its  surface.  The 
'an  distance  of  the  moon  from  the  centre  of  the  earth,  is  about 
ty  times  the  earth's  equatorial  radius,  and  it  revolves  round  the 
rth,  in  an  orbit  which  is  very  nearly  circular,  in  27.322  days. 

(59),  it  follows  that  the  intensity  of  the  earth's  attraction  at 
e  moon  is  just  equal  to  the  centrifugal  force,  and  it  can  therefore 

calculated  by  substituting  in  [43]  the  values  of  R  and  T  just 
veil.  Making  these  substitutions,  we  obtain,  for  the  value  of  the 
irth's  attraction  on  the  moon,  where  M  equals  the  mass  of  the 
io(jn,  G  =  MX  0.0027.  For  the  unit  of  mass,  then,  the  intensity 
f  the  earth's  attraction  at  the  distance  of  the  moon  is  ^=0.0027. 
i^lie  intensity  of  the  earth's  attraction  for  bodies  on  the  equator 
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is,  as  we  have  seen,  g  =  9.7806,  which  is  aboat  3,600  times  greater 
than  0.0027.  For  bodies  as  distant  as  the  moon,  we  may  consider 
the  attraction  of  the  globe  as  concentrated  at  its  centre  of  figure, 
and  hence  we  may  regard  the  moon  as  about  sixty  times  as  distant 
from  the  centre  of  attraction  as  a  body  on  the  equator.  At  sixty 
times  the  distance,  then,  the  force  is  3600  (=  60*)  times  less; 
that  is,  the  intensity  of  the  force  of  gravity  varies  inversely  with 
the  square  of  the  distance  from  the  centre  of  attraction.  Repre- 
senting, then,  by  g-  and  g*  the  intensity  of  gravity  at  the  distances 
R  and  R'^  we  have  always  the  proportion, 

^:gj  =  R*:  R\  [46.] 

It  follows  from  the  above  discussion,  that  the  intensity  of 
gravity  must  vary  at  different  heights  above  the  sea-level  on 
the  surface  of  the  earth.  The  amount  of  this  variation  can 
easily  be  calculated  by  means  of  the  above  proportion.  Bepie- 
senting  by  g  the  intensity  of  gravity  at  the  sea-level,  by  g*  the 
intensity  at  an  elevation,  A,  and  by  R  the  radius  of  the  earth, 
we  have,  from  [4G] ,  neglectuig  the  variation  in  the  centrifugal 
force  at  the  two  heights, 

g:g'  =  CR  +  hy:R^,    and    g=g^i^^.     [47.] 

When  A  =  1000  m.,  we  have  from  [47],  g-  =  g^  1.0003.  The 
amount  of  variation  is  therefore  perceptible  at  any  considerable 
elevation  above  the  sea-level.  Hence,  in  studying  the  variation  of 
the  intensity  of  gravity  on  the  surface  of  the  earth,  it  is  impor- 
tant to  reduce  the  results  of  observations  at  different  elevations 
to  the  sea-level  before  comparing  them.  This  can  always  be  done 
by  [47],  when  the  elevation  is  known. 

(62.)  Law  of  Gravitation.  — We  proviBd,  in  (49),  that  the 
intensity  of  the  force  of  gravitation  is  directly  proportional  to 
the  quantity  of  matter  (the  mass)  on  which  it  acts,  and  in  the 
last  section  we  have  shown  that  the  intensity  of  the  force  of  grav- 
itation is  inversely  proportional  to  the  square  of  the  distance  of 
the  masses,  on  which  it  acts,  from  the  centre  of  attraction.    By 
combining  the  two,  we  have  the  well-known  law  of  gravitation, 
which  is  expressed  in  the  following  terms  :  —  All  masses  of  mair 
ter  attract  one  another  with  forces  directly  proportional  to  the 
qmintity  of  matter  contained  in  each^  and  inversely  proportionai 
to  the  squares  of  their  distances  from  each  other. 
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law  was  discovered  in  1666  by  Sir  Isaac  Newton,  who, 
eflecting  on  the  power  which  causes  the  fall  of  bodies  to 
th,  and  considering  that  this  power  is  not  sensibly  dimin- 
iven  at  the  top  of  the  highest  mountains,  conceiyed  that  it 
extend  far  beyond  the  limits  of  the  atmosphere,  and  even 
:s  influence  through  all  space.  It  may  be,  he  thought,  this 
rce  by  which  the  moon  is  retained  in  her  orbit  round  the 
md  the  whole  planetary  system  round  the  sun.  In  order 
y  his  conjecture,  he  calculated,  on  the  same  principle  used 
last  section,  the  attraction  of  the  earth  on  the  moon,  as- 
;  that  the  force  must  diminish  iu  the  inverse  ratio  of  the 
of  the  distance,  —  an  assumption  to  which  he  was  led  by 
ation,  previously  discovered  by  Kepler,  between  the  times 
>lution  of  the  planets  and  their  distances  from  the  sun. 
suit,  at  first,  did  not  answer  his  expectations,  because  he 
«d  in  the  calculation  a  value  of  the  earth's  radius,  and 
also  of  the  moon's  distance,  which  was  much  too  small, 
!  therefore  rejected  the  hypothesis  as  not  substantiated, 
years  later,  Picard  measured,  with  great  accuracy  for  the 
in  arc  of  the  meridian  in  Prance ;  and  from  his  measure- 
appeared  that  the  radius  of  the  globe  was  nearly  one  sev- 
eatcr  than  had  previously  been  supposed.  Furnished  with 
ew  data,  Newton  resumed  his  calculations  with  complete 
,  and  in  1687  published  his  great  work,  the  Principia^  in 
Jie  consequences  of  this  great  law  were  developed  as  far 
astronomical  and  mathematical  knowledge  of  the  times 
permit. 

)  Absolute  Weight,  —  When  a  body  is  not  free  to  fall,  the 
liicli  gravity  exerts  upon  it  is  expended  in  pressure  against 
x)rt.  Tliis  pressure  is  called  absolute  weight.  The  abso- 
ight  of  a  book,  for  example;  is  the  pressure  which  it  exerts 
the  table  on  which  it  rests.  It  is  evident  that  this  pressure 
I  to  the  intensity  of  the  force  with  which  the  book  is  attract- 
le  earth.  The  intensity  of  the  force  which  gravity  exerts  on 
mass  of  matter  we  have  represented  by  G  (49).  If,  then, 
resent  the  pressure  caused  by  this  force,  or  the  absolute 
of  the  same  mass  of  matter,  by  tO,  we  have  tp  =  G.  Hence, 
substitute  iU  for  G  in  [2G]  and  [27],  and  shall  then  have 

to  =  i»f  .  ff,  [48.] 

to  :  to'  =  Jtf :  J»f '.  [49.] 
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In  these  formulsB,  to  represents  weight  or  pressure ;  while  in 
[26]  and  [27]  G  represents  the  intensity  of  the  force  which  is 
the  cause  of  the  pressure.  In  this  work,  to  always  stands  for  a 
certain  number  of  grammes,  and  G  for  a  certain  number  of  unite 
of  force.  For  example,  let  us  suppose  that  the  quantity  of  mat- 
ter in  the  book  just  referred  to  is  equal  to  60  units  of  mass ;  we 
should  then  know,  from  [26],  that  the  intensity  of  the  force  ex- 
erted by  gravity  upon  it  was  equal  to  490  units  of  force,  and, 
from  [48],  that  its  weight  was  equal  to  490  grammes.  In  the 
first  case,  G  =  50  X  9.8  =  490  units  of  force.  In  the  second 
case,  to  =  50  X  9.8  =  490  grammes.  The  numbers  in  tlie  two 
cases  are  precisely  the  same,  but  they  signify  different  kinds  of 
units.  The  identity  of  the  numbers  arises  from  the  fact  that  tbi  \ 
unit  of  force  is  equivalent  to  a  pressure  of  one  gramme,  so  that 
the  difference  between  G  and  to  is  rather  nominal  than  real. 

It  follows  from  [49] ,  that  the  weights  of  bodies  are  prop(»^ 
tional  to  the  quantities  of  matter  which  they  contain ;  in  other 
words,  that  a  body  which  contains  two,  three,  or  four  times  tt 
much  matter  as  a  given  body,  will  also  weigh  two,  three,  or  four 
times  as  much.  This  fact  has  a  most  important  bearing  on 
chemistry,  since  the  chemist  is  enabled,  in  consequence  of  it, 
to  compare  the  various  quantities  of  matter  on  which  he  experi- 
ments, by  comparing  their  weights.  So  close  is  this  relation, 
that  in  common  language  we  confound  the  weight  of  a  substance 
with  its  mass ;  thus,  we  speak  of  ten  grammes  of  iron,  mean- 
ing thereby  a  quantity  of  iron  which  exerts  a  pressure  of  tea 
grammes.  It  must  be  remembered  that,  in  scientific  language, 
weight  always  means  pressure,  and  not  quantity  of  matter.  The 
word  is  most  commonly  used,  however,  to  denote  the  quantity 
of  matter  which  exerts  the  pressure. 

So  long  as  matter  is  neither  taken  from  nor  added  to  a  body,  ■ 
its  mass,  from  the  very  definition  of  the  term,  remains  constant. 
It  is  not  so,  however,  with  the  absolute  weight.     This  varies  with 
the  force  cff  gravity,  and,  as  follows  from  [48],  it  is  directly  pro- 
portional to  the  intensity  of  this  force.     Hence,  the  absolute 
Aveight  of  a  body  increases  as  we  go  from  the  equator  to  the  j 
j)oles,  and  diminishes  as  we  rise  above  the  surface  of  the  earth.  ;; 
It  is  very  different  on  the  different  planets  and  on  the  sun.    A 
body  Avcighing  a  kilogramme  on  the  earth  would  weigh  about  28  ; 
kilogrammes  on  the  sun,  about  2.6  kilogrammes  on  Jupiter,  and 
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ilj  about  160  grammes  on  the  moon.  On  the  surface  of  the 
obe,  however,  the  possible  yariation  of  weight  is  but  small, 
nounting  at  most  to  yf^  of  the  wl]ple.  Calling  this  in  round 
ambers  7^,  it  will  be  found  that  a  body  weighing  one  kilo- 
ramme  at  the  equator  would  weigh  1  kilog.  5  gram,  at  the  poles. 
(64.)  French  System  of  Weights. — Weight  is  estimated  by 
rbitrarily  assimiing  a  unit  of  weight,  and  then  comparing  the 
ressure  exerted  by  other  bodies  with  that  exerted  by  the  unit, 
f,  for  example,  this  pressure  Id  a  given  case  is  foimd  to  be  ten 
imes  as  great  as  that  of  the  miit,  the  body  is  said  to  weigh  ten 
grammes,  or  ten  pounds,  as  the  unit  may  be  denominated.  The 
^^nch  have  assumed,  as  their  unit  of  weight,  the  pressure  ex- 
Tted  by  one  cubic  centimetre  of  pure  water  at  4**  C.  (its  point  of 
naximimi  density)  in  a  vacuum,  and  at  the  latitude  of  Paris, 
rhis  unit  they  call  a  gramme.  The  gramme  is  multiplied  and 
ubdivided  decimally,  and  the  names  given  to  these  multiples  and 
ubdivisions  are  analogous  to  those  used  in  the  case  of  the  metre, 
rhiis  we  have  the 

French  System  of  Weights. 

Kilogramme,    1000  gram.  Gramme,  1.000  gram. 

Hectogramme,    100     "  Decigrarome,    0.100      " 

Decagramme,       10     "  Centigramme,  0.010      " 

Gramme,  1     "  Millegramme,  0.001      " 

• 

It  follows  from  the  la^t  section,  that  a  mass  of  brass  whose 
weight  is  one  gramme  at  Paris  Avould  weigh  less  than  a  gramme 
t  a  lower  latitude,  and  more  than  one  gramme  at  a  latitude 
igher  than  that  of  Paris.  Hence,  the  weight  of  one  cubic 
sntimetre  of  water  at  4**  C,  and  in  a  vacuum,  is  the  standard 
ramme  only  at  the  latitude  of  Paris. 

The  great  advantage  of  this  system  of  weights  in  all  sciejitific 
ivestigations  arises  from  the  very  simple  relation  which  exists 
Jtween  it  and  the  system  of  measures  already  described.     This 

so  simple,  that  it  is  almost  always  possible  to  calculate  the 
eight  of  a  substance  from  its  volume,  and  the  reverse,  mentally, 
hen  the  specific  gravity  of  the  substance  is  known.  The  French 
rstem,  both  of  weights  and  measures,  is  exclusively  used  in  this 
)hime. 

(60.)  System  of  Weights  of  the  United  States  and  of  Eng- 
ml,  —  In  this  country  and  in  England  two  entirely  distmct 

8* 
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units  of  weight  are  in  use,  called  the'  Troy  Pound  and  the 
Avoirdupois  Pound.  These  units  are  entirely  arbitrary,  and 
are  represented  by  certain  jnasses  of  metal,  which  have  been 
declared  by  law  to  be  the  legal  standard  of  weight.  These  units 
bear  to  each  other  the  relation  of  144  to  176,  and  do  not  agree 
in  ajiy  of  their  subdivisions  except  the  grain.  The  Troy  pound 
contains  5,760,  and  the  avoirdupois  pound  7,000  grains,  all  of  the 
same  value.  The  actual  legal  standard  of  weight  in  the  United 
States  is  the  Troy  pound,  copied  by  Captain  Kater,  in  1827,  from 
the  imperial  Troy  pound,  for  the  United  States  Mint,  and  pre- 
served in  that  establishment.  This  pound  is  a  standard  at  30 
inches  of  the  barometer  and  62°  of  the  Fahrenheit  thermometer.* 
The  English  standard  of  weight  is  connected  with  that  of  meas- 
ure, by  the  enactments  that  277.274  cubic  inches  shall  constitute 
the  Imperial  Gallon^  and  that  tlie  weight  of  this  volume  of  pure 
water,  weighed  in  air  of  30  inches'  pressure  at  62®  F.,  shall  be 
taken  as  10  avoirdupois  pounds,  or  70,000  grains.  Tables  of  the 
subdivisions  of  the  two  units,  showing  their  relations  to  the 
French  system,  will  be  found  at  the  end  of  this  Part,  in  connec- 
tion with  the  other  tables  of  weights  and  measures. 

(66.)  Specific  Weight. — The  specific  weight  of  a  substance 
is  the  weight  of  one  cubic  centimetre  of  the  substance,  and  there- 
fore bears  the  same  relation  to  the  weight  that  the  density  does 
to  the  mass  (15).  If,  then,  we  represent  specific  weight  by 
i^.  to,  we  have 

^.to  =  ~-.  [50.] 

The  specific  weight  of  copper,  for  example,  at  Paris,  is  equal  to 
8.921  grammes.  The  term  specific  weight  must  not  be  con- 
founded with  specific  gravity,  which  will  be  explained  in  (69). 

The  specific  weight  of  a  substance  is  evidently  variable,  and, 
like  the  absolute  weight,  depends  on  the  intensity  of  the  force  of 
gravity. 

(67.)  Unit  of  Mass.  —  In  assuming  a  unit  of  weight,  we  have 
also  established  a  unit  of  mass.  If,  in  [48],  we  substitute  for  Jtf 
unity,  and  for  g-  the  intensity  of  gravity  at  Paris,  the  value  of 
to  becomes 


♦  Report  on  Weights  and  Measures,  by  Professor  A.  D.  Bache.     Thirty-fourth  Cooc- 
gress,  Third  Session.    Ex.  Doc.  No.  27. 
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m  =  9.8096  grammes ;  [Sl.J 

that  is,  the  unit  of  mass  weighs  at  Paris  9.8096  gram.     Any 
quantity  of  matter,  then,  which  weighs  at  Paris  9.8096  gram., 
is  the  unit  of  mass.     The  weight  of  the  unit  of  mass  evidently 
varies  with  the  intensity  of  gravity ;  thus,  at  the  poles  the  unit 
of  mass  weighs  9.8315  gram.,  at  the  equator  it  weighs  9.7806 
gram.    The  differences  are  very  much  gceater  on  the  surfaces 
of  the  sun,  moon,  and  planets ;  thus,  on  the  sun  the  unit  of 
mass  weighs  about  277.5  gram.,  on  the  moon  about  1.654  gram., 
and  on  Hie  planet  Jupiter  about  26.243  gram.     In  general,  a 
quantity  of  matter  which  weighs  as  many  grammes  as  the  number 
which  expresses  the  intensity  of  gravity  at  the  place  of  observa- 
tion, is  equal  to  the  imit  of  mass. 

From  equation  [48]  we  have,  by  transposition,  ilf  =  — .  Hence, 

in  order  to  find  tlie  number  of  units  of  mass  of  which  a  body 
consists,  we  have  only  to  divide  its  weight  in  grammes  by  the  in- 
tensity of  gravity  at  the  place  of  observation.  For  example,  500 
grammes  of  iron  at  Paris  contain  9^J4^(x  =  50.98  units  of  mass. 

(68.)  Density.  —  The  density  of  a  substance  has  been  defined 
as  the  mass  of  one  cubic  centimetre  of  the  substance  (15),  and 

from  [1]  we  have  D=  -pr,  or,  substituting  for  M  its  value,  — , 
uid  then  for  ^  the  symbol  i^.  tO,  we  obtain 

X>  =  -^  =  ^^  (vnUs  of  mass-).         [52.] 

8  921 
Fhe  density  of  copper,  for  example,  is  equal  to  q-oTq  =  0.909 

mit  of  mass.  Density  has,  therefore,  the  same  relation  to  spe- 
cific weight  that  mass  has  to  weight.  It  is  always  equal,  to  the 
height  of  one  cubic  centimetre  of  the  substance  divided  by  the 
intensity  of  gravity.  It  is  evidently  a  constant  quantity,  and 
does  not  vary  with  the  intensity  of  gravity. 

(69.)  Specific  Gravity.  —  The  specific  gravity  of  a  substance 

is  the  ratio  of  its  absolute  weight  to  that  of  an  equal  volume  of 

pure  water  at  4**  C.  and  at  the  same  locality.     If  tO  represents 

the  absolute  weight  of  the  substance  at  any  place,  and  tD'  the 

▼eight  of  an  equal  volume  of  water  at  the  same  place,  then 

Sp.  Gr.  =  g-,.  [53.] 
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Moreover,  since  to  c=  Jf .  g^  and  to'  =  -3f ' .  g",  we  have,  also, 

Sp.Gr.  =  ^;^«^=^,  [54.] 

Hence  the  specific  gravity  of  a  substance  is  likewise  the  ratio  (rf 
its  mass  to  the  mass  of  an  equal  volume  of  water.  It  is,  there- 
fore, like  the  density,  a  constant  quantity,  and  does  not  vary  with 
the  intensity  of  gravity. 

In  the  French  system,  one  cubic  centimetre  of  water  at  4?  C. 
weighs  at  Paris  one  gramme,  and  hence  at  Paris  the  weight  iu 
grammes  of  a  given  volume  of  water  at  4*  C.  is  always  equal  to 
the  number  of  cubic  centimetres.  We  may  tlierefore  substitute 
in  [53],  for  to',  the  volume  in  cubic  centimetres.  If  we  also 
designate  by  W  the  absolute  weight  of  a  body  at  Paris,  and  by 
Sp.  W.  the  specific  weight  at  Paris,  we  can  obtain  fi'om  [53] 
and  [50], 

Sp.Gr.=  y=  Sp.W.  [55.] 

From  this  equation,  it  appears  that  the  numbers  expressing 
the  speciiic  gravity  of  a  substance  and  its  specific  weight  at 
Paris  are  always  the  same  in  the  French  system.  The  difference, 
however,  between  the  two  is  an  essential  one.  Sp,  W,  always 
stands  for  a  certain  number  of  grammes,  but  Sp.  Gr.  is  a  ratio. 
When  we  say  that  the  specific  weight  of  copper  is  8.921  grammes, 
we  mean  that  one  cubic  centimetre  of  copper  weighs  at  Paris 
this  niunber  of  grammes  ;  but  when  we  say  that  the  specific 
gravity  of  copper  is  8.921,  we  merely  mean  that  a  volume  of 
copper  weighs  8.921  as  much  as  the  same  volume  of  water.  The 
first  number  is  variable,  depending  on  the  unit  of  weight  used; 
the  last  is  invariable,  and  hence  the  same  with  all  systems  of 
weights.  It  is  only  in  the  French  system  of  weights  that  the  two 
numbers  are  the  same. 

We  can  easily  obtain  from  [55], 

V=  ^-^,     and     W=r.  Sp.  Gr.  [56.] 

These  simple  formulae  should  be  remembered,  as  they  will  be 
constantly  used  in  the  course  of  this  work. 

It  is  more  usual  to  refer  the  specific  gravity  of  gases  to  air> 
as  a  standard  of  comparison,  than  to  water.     It  will  be  showTV 
hereafter  that  the  Avcight  of  a  given  volume  of  air  varies  very 
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y,  both  with  the  temperature  and  the  atmospheric  pressure 
ich  it  is  exposed  ;  and  it  is  therefore  essential,  in  using  air 
taiidard  of  comparison,  to  adopt  arbitrarily  a  certain  tem- 
ire  and  pressure,  at  which  it  shall  be  considered  as  the  stand- 
Tlie  temperature  which  has  been  generally  agreed  upon 
y.,  and  the  pressure  which  has  been  adopted  is  tliat  cor- 
iding  to  a  height  of  76  c.  m.  of  the  barometer, 
may  then  define  the  specific  gravity  of  a  gas  as  the  ratio  of 
ight  to  that  of  an  equal  volume  of  air  at  0**  C.  and  under  a 
re  of  76  c.  m.  Representing  by  W  the  weight  of  a  given 
e  of  gas  at  Paris,  and  by  W  and  W"  the  wciglits  rc^pcc- 
of  the  same  volumes  of  water  and  air  at  the  standard  tcm- 
ires  and  pressure,  —  also  representing  by  Sp,  Gr.  the  spe- 
^ravity  of  the  gas  referred  to  water,  and  by  Sp.  Gr.  the 
c  gravity  referred  to  air,  —  we  liave 

W  W 

Sp.  Gr.  =  ^,     and     Sp.  Gr.  =  -^.  [57.] 

?n  the  specific  gravity  of  a  given  substance  is  referred  to 
xiidard,  it  is  frequently  required  to  calculate  its  specific 
J  with  reference  to  the  other,  or,  in  technical  language,  to 
\  the  specific  gravity  to  the  other  standard.  For  this  pur- 
re  know  that  the  specific  gravity  of  air  with  reference  to 

is  equal  to  0.00129363.     Hence,  ^  =  0.00129363,  and 

•stituting  the  value  of  W'^  obtained  from  tliis  in  [57],  wo 
sily  obtain 

Sp.  Gr.  =  Sp.  Gr.  0.00129363,  [58.] 

lula  by  means  of  which  the  reduction  can  easily  be  made. 
ible  giving  the  specific  gravities  of  some  common  substances 
;  found  at  the  end  of  this  Part. 

.)  Unit  of  Farce.  —  The  unit  of  force  has  been  defined  as 
)rce  which,  acting  on  the  unit  of  mass  during  one  second, 
npress  upon  it  a  velocity  of  one  metre  (29).  Since  the 
f  mass  weighs  at  Paris  9.810  grammes,  we  can  also  define 
lit  of  force  as  that  force  which,  acting  during  one  second, 
npress  on  9.810  grammes  of  matter  a  velocity  of  one  metre. 
)ver,  it  follows  from  [14]  that  a  force  which  will  impress 
gone  second  a  velocity  of  one  metre  on  9.810  grammes  of 
jr,  is  equal  to  the  force  which  will  impress  a  velocity  of  9.810 
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metres  on  one  granune  of  matter.  But  this  force  is  the  same  u 
the  foroa  exerted  by  gravity  on  one  gramme  of  matter.  In  other 
words,  it  IB  equal  to  the  weight  of  one  gramme.  We  have,  tlien, 
a  new  measure  for  our  unit  of  force.  Tlie  unit  of  force  is  tbe 
force  exerted  in  pressure  by  the  unit  of  weight.  When  a  weight 
of  ten  grammes,  for  example,  is  suspended  to  a  fixed  point, 
the  pressure  exerted  by  that  weight  is  equivalent  to  ten  units  <A 
force, 

(71.)  Relative  Weight.  — Tliere  are,  in  general,  two  methods 
by  which  the  weiglit  of  a  body  (that  is,  tbe  pressure  which  it  ei- 
erts)  may  be  determined. 

The  first  mctliod  consists  in  balancing  tlie  pressure  against  a 
spring,  and  determining  the  weight  from  the  amount  by  which  tbe 
spring  is  bent.  An  instrument  for  this  purpose  is  represented  in 
Fig,  35.  It  consists  of  a  steel  spring,  bent  in  the  form  of  a  V. 
To  the  end  of  the  lower  arm  is  fastened  an  iron  arc,  which  passes 
freely  through  an  opening  in  the  upper  arm,  and  ends  in  a  ring. 
To  tlie  end  o^the  upper  arm  a  similar  iron  arc  is  fastened,  which 
passes  through  an  opening  in  tlie  lower  arm,  and  terminates 
in  a  hook.     In  using  the  instrument,  the  body  to  be  weiglied 

I  is  suspended  by  the  hook,  as  in  Fig.  35,  and 
the  number  of  grammes  by  which  the  spring 
is  beiit  is  then  read  off  on  tlie  graduated 
arc.  Sncli  an  instrument  is  called  a  spring  bol- 
ance,  and  indicates  at  once  the  absolute  weight 
of  a  body,  CouM  it  be  made  sufficiently  deli- 
cate, it  would  show  that  the  absolute  weightof 
a  body  varied  on  the  earth's  surface,  gradually 
increasing  from  tlie  equator  towards  the  poles. 
Such  an  instrument  would  give  the  absolute 
weiglit  of  a  body. 
"«■  '^  The  second  method  consists  in  preparing  a  set 

of  so-called  weights,  which  are  masses  of  brass  or  platinum  weigh- 
ing exactly  one  gramme,  or  some  multiple  or  fraction  of  a  gramme, 
at  Paris.  The  weight  of  a  body  is  then  estimated  by  balancing  it 
against  these  weights  in  a  well-known  instrument  called  the  bal- 
aace.  The  balance  is  merely  a  form  of  the  lever,  so  constructed 
that,  when  equal  pressures  arc  exerted  on  its  two  pans,  the  beam 
stands  in  a  horizontal  position.  The  body  to  be  weighed  is 
placed  in  one  pan,  and  then  weights  are  added  to  the  other  until 


GENERAL  PROPEBTIES  OF  MATTER.  9S 

of  the  balance  rests  in  a  horizontal  position.  The  sum 
reights  then  indicates  the  weight  of  the  body.  At  Paris 
ce  indicates  at  once  the  absolute  weight  of  a  body,  but 
sarily  so  at  other  places  on  the  earth's  surface.  To  il- 
bis  point,  let  us  suppose  that,  in  weighing  at  Paris,  it 
ten  grammes'  weight  in  one  pan  of  the  balance  to  equi- 

body  in  the  other  pan.  Suppose,  now,  that  we  trans- 
whole  apparatus  to  some  point  on  the  equator.  It  is 
hat  our  gramme  weights  no  longer  weigh  one  gramme 

something  less,  by  an  amount  easily  calculated  from 
lution  in  the  ijitensity  of  gravity.     Nevertheless,  since 

has  lost  weight  in  the  same  proportion,  it  will  still 
ed  by  the  ten  gramme  weights,  and  so  it  would  be  all 
globe.  This  weiglit,  which  is  frequently  called  relative 
rill  always  be  designated  in  this  work  by  W^  in  order  to 
?h  it  from  the  absolute  weight  at  other  localities,  which 
ilready  designated  by  tt).     Hence  we  have,  from  [48], 

fr=Jtf.  9.8096,    and    to  =  Jtf.g-,  [59.] 

he  force  of  gravity  at  any  given  locality,  and  hence  at 
?s  not  vary,  it  follows  that  the  relative  weight  of  a  body, 
a  constant  quantity  ;  the  same  at  afty  point  on  the  sur- 
ir  globe,  and  the  same  on  the  sun,  moon,  and  planets 
I  the  earth. 

I  easily  find  the  absolute  weight  of  a  body  at  any  local- 
its  relative  weight  is  known.     Representing,  as  above, 
e  relative  weight  of  the  body,  and  by  iU  the  absolute 
quired  at  the  place  in  question,  we  have,  from  [69], 

tD  :   W=M.g  :  i»f.  9.8096,  [60.] 

le  absolute  weight  of  a  body  at  any  place  is  equal  to  the 
weight  at  Paris  (or  the  relative  weiglit  of  the  body  at  the 
ultiplied  by  the  ratio  between  the  intensity  of  gravity  at 
t  aud  that  at  Paris. 

ve  weight  is  the  direct  measure  of  the  mass  of  a  body, 
ating  by  m  the  mass  of  the  unit  of  weight,  we  have 
tn.  9.8096.      By   comparing   this    equation   with    W^= 

'96  we  obtain  W=^  — ;  that  is,  the  relative  weight  of  a  ^ 

tn 


96  CHEBnCil.  PHYSIOS. 

body  indicates  the  quantity  of  matter  which  it  contains,  compared 
with  that  contained  in  one  cubic  centimetre  of  water  at  4°  C.  It 
is  therefore  a  legitimate  measure  of  the  quantity  of  matter  con- 
tained in  a  body,  and  the  word  weight  is  almost  exclusively  used 
m  this  sense  in  chemistry,  as  it  is  in  common  life. 

MECHANICAL  POWERS. 

(71  W«.)  Machines. —  By  the  aid  of  wheels,  rods,  bands  or 
cords,  and  inclined  surfaces,  power  may  be  readily  transmitted 
from  one  point  to  another,  and  the  intensity,  direction,  point, 
and  mode  of  application  of  the  acting  force  varied  in  a  multi- 
plicity of  ways.  The  numerous  contrivances  by  which  such 
changes  are  effected  are  termed,  in  general,  machines.  All  ma- 
chines, however  complicated  their  structure,  will  be  found  on 
examination  to  consist  of  a  limited  number  of  simple  parts,  gen- 
erally called  mechanical  powers,  or  simple  machines.  Aoiong 
these  we  usually  distinguish  six ;  viz.  the  lever,  the  wheel  and 
axle,  the  pulley,  the  inclined  plane,  the  wedge,  and  the  screw. 
Of  each  of  these,  however,  there  are  many  varieties ;  and  the 
skill  of  the  inventor  is  shown  no  less  in  adapting  these  parts  of 
his  machine  to  their  special  purpose,  than  in  combining  the  parts 
so  that  they  shall  a(ft  harmoniously  together  to  produce  the  i^ 
sired  result.  A  description  of  the  various  mechanical  powers, 
or  of  their  important  applications,  is  entirely  beyond  the  scope 
of  this  work.  There  is,  however,  one  important  general  prind- 
pie  connected  with  the  subject  which  may  be  noticed  in  passing. 
A  machine  transmits  power  without  increasing  it  in  the  slightest 
degree.  Indeed,  more  or  less  power  is  always  lost  during  the 
transmission,  in  overcoming  friction  and  other  causes  of  resist- 
ance. The  use  of  a  machine  is  to  adapt  power  to  the  work  to 
be  done.  It  may  change  the  direction  or  the  velocity  of  the 
motion  caused  by  the  power  ;  it  may  change  the  mode  of  action 
of  the  power;  it  may  change  the  intensity  of  the  power,  and 
enable  a  feeble  force,  by  acting  through  a  great  distance,  or 
during  a  long  time,  to  overcome  a  great  resistance.  It  may 
modify  the  action  of  the  power  in  an  infinite  variety  of  ways,  so 
as  to  produce  the  useful  effects  of  which  machinery  is  capable, 
but  it  will  be  found  in  every  case  that  the  work  done  by  the  ma- 
chine is  the  exact  equivalent  of  the  power  it  receives.  One  only 
of  the  mechanical  powers  requires  further  notice  in  this  work. 
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THE   BALANCE. 


(72.)  Lever.  —  Before  studying  the  theory  of  the  balance,  it 
is  important  to  consider  the  general  theory  of  the  lever,  of  which 
the  balance  is  only  a  single  example. 

A  lever  is  any  rigid  bar,  A  B  (Fig.  86),  resting  on  a  point,  c, 
round  which  two  forces  tend  to  turn  it  in  opposite  directions. 


«» 
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he  point  e  is  called  the  fulcrum.  The  force  applied,  at  A  is  called 
t  power ^  and  the  force  applied  at  B  is  called  the  resistance^  or 
e  weight.  Levers  are  commonly  divided  into  three  kinds,  ac- 
rding  to  the  position  which  the  fulcrum  has  in  relation  to  the 
wer  and  the  weight.  If  the  fulcrum  is  between  tlie  power  and 
3  weight,  as  in  Figs.  36,  37,  the  lever  is  of  the  first  kind.    If 


a 


fig.  88. 


Fig.  89. 


fte  weight  is  between  the  fulcrum  and  the  power,  as  in  Fig.  88, 
*e  lever  is  of  the  second  kind.     If  the  power  is  between  the 
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fulcrum  and  the  weight,  as  in  Fig.  3d,  the  lever  is  of  the  tHid 
kind. 

Ll  the  three  kinds  of  lever,  the  perpendicalar  distances  from 
the  fulcrum  to  the  lines  of  direction  of  the  two  forces  are  called 
the  arTns  of  the  lever.  If  tiw  lever  is  straight,  and  perpendicular 
to  the  directions  of  both  of  the  two  forces,  the  two  portions  of 
the  lever,  A  c  and  B  c,  Fig,  36,  are  themselves  the  arms  of  tbe 
lever.  If,  however,  the  lever  is  not  straight,  or  is  inclined  to 
tlie  direction  of  one  or  both  of  the  forces,  the  arms  of  tlie  lever 
are  the  perpendiculars,  a  c  and  b  c,  Fig.  37,  a  O  and  b  O,  Fig.  40, 
let  fall  from  the  fulcrum  on  these  directions. 

In  order  that  the  two  forces  applied  to  the  lever  should  be  in 
equilibrium,  three  conditions  are  essential :  — 

1st.  The  lines  of  direction  of  the  two  forces  must  be  in  the 
same  plane  with  the  fulcrum. 

2d.  The  two  forces  must  tend  to  turn  the  lever  in  opposite  di- 
rections. 

3d.  The  intensity  of  the  two  forces  must  be  to  each  other  in- 
versely as  the  lengtlis  of  the  arms  of  the  lever  to  which  tbej  WKJ 
be  regarded  as  applied. 

Tliat  these  three  conditions  are  essential  to  equilibrium  can 
easily  be  proved.     In  the  first  place,  it  is  evident  that  the  tvo 
forces  cannot  be  in  equilibrium,  unless  the  direction  of  tiiar 
resultant  passes   through   tlie    fulcrum.     Nov  it  can  easily  be 
proved,   that,  unless  the 
two    forces    are    in   tha 
same    plane,     they    can 
have    no    single    result 
ant;    and   hence   follows 
the  necessity  of  the  W 
condition.    In  the  second 
place,  let  us  suppose,  Fig. 
40,  that  AQ  and  B  P 
are  the  lines  of  direction 
of  two  forces  in  tlie  same 
plane  with   the   fulcnm 
Jig  „  O,  and  that  C  is  the  point 

where  these  directions  in- 
tersect; t'.ieti,  in  order  that  the  direction  of  the  resultant  0  it 
should  pass  through  O,  it  is  evident  that  the  directions  of  the 
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components  shoald  be  Eitcb  that  they  would  tend  to  turn  the 
lever  in  opposite  directions. 

Tbe  necessitj  of  the  third  condition  viU  be  most  readily  seen 
ITitudied  under  two  cases.  In  the  first  place,  let  us  take  the 
we  where  the  two  forces  are  parallel*,  as  in  Fig.  ST.  It  has  been 
»OTed  (37)  that  the  point  of  application  of  Xbe  resultant  of  two 
antllel  forces  divides  the  line  joining  iJie  points,  of  application 
if  the  components  into  two  parts,  which  are  inversely  propor- 
ional  to  the  intensities  of  the  forces.     Hence  it  follows,  thut, 

I  order  that  the  direction  of  the  resultant  in  Fig.  87  should  pa^s 
lirough  the  fulcrum,  the  two  forces  applied  at  A  and  B  must  be 
nrereely  proportional  to  4  c 
nd  B  c,  and  hence  also  to 
tcand  bcy  which  are  the 
■rms  of  tbe  lever.  In  the 
Kond  place,  let  us  suppose 
bt  the  directions  of  the 
wees  are  not  parallel,  as 

II  Fig.  41.  In  tliis  figure, 
IQ  and  BP  represent 
le  directions  of  the  forces, 

hich  we  will  represent  by  F  and  F',  and  a  0  and  b  O  the  arms 
tiie  lever.  By  the  principle  of  (32),  the  effect  of  these  forces  is 
esame  as  if  they  were  applied  respectively  at  a  and  b,  points 
lieh  we  may  consider  as  immovably  imiteii  to  tbe  lever.  From 
extend  the  line  b  0  until  it  intersects  tbe  direction  A  Q  eX  & 
int  c.  By  the  same  principle  as  above,  the  effect  of  tlic  force 
is  the  same  as  if  it  were  applied  at  c.  Wo  can  now  evidently 
iisider  this  force  as  made  up  of  two  others  perpendicular  to 
ch  other,  one  acting  in  tbe  direction  0  c,  which  will  be  neu- 
ilizcd  by  the  resistance  of  tlio  fixed  point  0,  and  tbe  other  in 
fl  direction  c  q  parallel  to  B  P.  Complete  the  parallelogram, 
id  let  us  suppose  that  F=oQ,  and^heuce  that  the  component 
irallel  to  B  P  is  equal  to  e  q.  IWoUowS'now,  from  the  proof 
cen  above,  that  there  can  only  bcequilibriam  when 

F'xOb  =  cqX  Ocl  "br  "c?=-*^^-. 

It  from  the  similarity  of  tbe  triangles  cqQ  and  e  0  o,  we  have 
■  :  Oa  =  cQ:  0  c,  and  by  substituting  for  eQ  and  cq  their 
lues  just  given  . 
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F'  :  Oa=F  I  Ob.  [65.] 

It  is,  then,  also  a  condition  of  equilibrium,  that  the  two  forces 
should  be  to  each  other  inversely  as  the  lengths  of  the  arms  of 
the  lever,  the  point  which  was  to  be  proved.  We  have  proved 
the  validity  of  the  three  conditions  of  equilibrium  for  the  first 
kind  of  lover  only ;  but  this  proof  can  easily  be  extended  to  the 
second  and  third  kinds  of  lever. 

It  follows  from  what  has  been  said,  that  the  tendency  of  the 
power  to  turn  the  lever  may  be  augmented  either  by  increasing 
the  amount  of  the  power,  or  by  increasing  the  length  of  the  arm 
of  the  lever  on  which  it  acts  ;  that  is,  by  increasing  the  perpen- 
dicular distance  of  the  direction  of  the  force  from  the  fulcrum. 
In  either  case,  the  effect  will  be  increased  in  a  corresponding 
proportion.    Thus,  if  we  remove  the  power  to  double  its  distance 
from  the  fulcmm,  we  shall  double  its  effect ;  and  if  we  remove  it 
to  half  the  distance,  we  shall  diminish  its  efiect  by  one  half.   The 
perpendicular  distance  of  the  direction  of  a  force  from  the  ful- 
crum is  called  its  leverage  ;  and  it  is  evident  that  the  effect  of 
any  force  applied  to  a  lever  will  be  proportional  to  its  leverage. 

From  proportion  [65]  we  obtain,  by  multiplying  together  the 
extremes  and  the  means,  F  X  Oa=:  F'  X  Ob,  The  product 
of  the  intensity  of  a  force  by  the  length  of  the  perpendicular  let 
fall  from  a  fixed  point  to  the  line  of  direction  of  the  force,  is 
called  the  moment  of  the  force  with  respect  to  the  point.  Since 
Oa  and  O  b  are  such  perpendiculars,  it  follows  that,  when  a  lever 
is  in  equilibrium,  the  moments  of  the  power  and  resistance  are 
equal. 

(73.)  T/ie  Balance.  — The  instrument  by  means  of  which  the 
weight  of  a  substance  is  compared  with  the  unit  of  weight,  is 
called  a  Balance.  It  is  generally  made  of  brass,  and  consists 
essentially  of  an  upright  pillar  supporting  a  beam,  B  JB,  Pig. 
42,  which  turns  upon  a  knife-edge,  placed  exactly  at  the  mid- 
dle of  its  length.  From  the  two  ends  of  the  beam  are  sus- 
pended the  pans,  in  which  the  weights  to  be  compared  are 
placed.  The  knife-edge  is  formed  by  a  triangular  steel  prism 
passing  through  the.  beam,  whose  axis  is  exactly  at  right  angles 
with  the  plane  of  the  beam.  The  lower  edge  of  the  prism  is 
sharp,  and  rests  upon  an  agate  plane,  so  as  to  make  the  friction  as 
small  as  possible.  For  the  same  reason,  the  hooks  by  which  the 
pans  are  suspended  rest  also  on  knife-edges.  -  These  knife-edges 
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ire  idjastod  perpendiculerlj  to  the  plane  of  the  beam,  and  on  the 
ame  lerel  as  Uie  fnlcrum.  The  fulcrum  is  so  placed  that  the 
eeatre  of  gravity  of  the  beam  shall  be  slightly  below  it,  so  that 


■  48D  in  eqoilibriiim  the  beam  will  tend  to  come  to  rest  in  a 
F  VviioBtal  position.  The  centre  of  gravity  can  be  adjusted  by 
[  teans  of  the  buttoa  C,  Fig.  42,  which  can  be  moved  up  or  down 
On  the  screw  to  which  it  is  fastened.  The  long  index-rod  attached 
to  the  beam  below  the  knife-edge  indicates,  by  the  graduated  arc, 
^iten  the  beam  is  horizontal.  When  the  balance  is  not  in  use, 
the  beam  can  be  lifted  off  from  its  bearing,  and  supported  upon 
flw  brass  arms  E,  E.  These  are  attached  to  tlie  cross-piece  a  a, 
wluch  can  be  raised  or  lowered  by  turning  the  thumb-screw  O. 
The  motion  of  the  cross-piece  is  directed  by  the  two  pius  A,  A, 
which  play  loosely  through  holes  at  its  two  ends. 

A  balance  ia  evidently  a  lever  witii  equal  arms,  and,  according 
to  the  principle  of  the  lever,  if  equal  weights  are  placed  in  tlio  two 
pans,  they  will  exactly  balance  eael^other.  The  balance,  there- 
five,  enables  us  to  compare  the  weight  «)f  a  substance  with  tlie 
Tinit  of  weight.  We  have  simply  to  place  the  substance  in  one 
pin  of  the  balance,  and  then  add  weights,  which  have  been  ad- 
justed by  the  standard  unit,  to  the  other,  until  the  beam  assumes 
a  horizontal  position,  or  until  it  vibrates  to  an  equal  distance  on 
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both  sides  of  this  position,  —  as  can  be  observed  by  the  motion  of 
the  index  orer  the  gradnated  arc  The  sum  of  the  weights  re- 
quired to  balance  the  sobstance  is,  then,  its  relative  weight  in 
terms  of  the  unit  of  weight  enqiloyed* 

The  usefulness  of  a  balance  depends  upon  two  points,  —  1st,  its 
accuracy  J  and,  2dlT,  its  scnsUnliig  to  sliglit  difierences  of  weight 
An  exaqdnadon  of  the  conditicms  on  which  these  depend,  will 
lead  us  to  understand  better  the  principle  of  this  very  important 
instrument.  From  the  mode  in  which  the  pans  of  a  balance  are 
suspended,  it  is  obvious  that  we  mav  regard  their  whole  weight 
as  concentrated  on  the  knife-edges  at  the  ends  of  the  beam.  In 
a  theoretical  consideration  of  the  subject,  we  may  therefore  leare 
the  pans  entirely  out  of  view,  and  consider  any  weight  placed  in 
them  as  directij  applied  to  the  knifid-edges,  thus  reducmg 
balance  to  a  straight  lever.  From  another  point  of  view, 
whole  weight  of  the  beam  and  pans  may  be  considered  as  con* 
centrated  at  the  centre  of  gravity,  when  the  balance  becomes  a 
pendulum,  whose  point  of  suspension  is  the  fulcrum  of  the  beam. 
These  two  mechanical  principles,  comUned  in  the  balance,  have 
constantly  to  be  kept  in  view  in  studying  its  theory.  It  will  then 
be  easy  to  understand  the  following  circumstances,  on  wliich  the 
accuracy  and  sensibility  of  the  instnunent  depend. 

1.  It  is  necessary  that  the  distances  of  the  two  knife-edgts 
from  the  fulcrum  should  be  exactly  equal;  for  if  the  distance  fr<» 
the  fulcrum  of  the  point  of  suspension  of  one  pan  were  greater 
than  that  of  the  other,  then  a  weight  placed  in  the  first,  acting 
imder  a  greater  leverage,  would  balance  a  larger  weight  in  the 
last,  and  the  larger  in  proportion  to  the  uiequality  of  the  two 
arms  of  the  beam. 

2.  It  is  necessary  that  the  centre  of  gravity  of  the  beam  a^ 
pans  should  be  below  the  fulcrum^  and  as  near  to  it  as  possibk. 
Were  the  centre  of  gravity  at  the  fulcrum,  the  beam  would  not 
oscillate,  but  remain  in  whatsoever  position  it  were  placed. 
Were  it  above  the  fulcrum,  the  beam  would  be  overset  by  the 
slightest  impulse.  When  !(  is  below  the  fulcrum,  the  beam,  as 
already  stated,  may  be  fegarded  as  a  pendulum,  whose  axis  co* 
incides  with  the  line  joining  the  fulcrum  and  centre  of  gravity. 
As  this  line  forms  right  angles  with  the  axis  of  the  beam  in  what* 
ever  position  the  latter  may  be  placed,  and  as  the  pendulum 
tends  always  to  fall  back  to  the  perpendicular  position  whenever 
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1  from  it,  it  follows  that,  if  wo  impart  an  impulse  to  tlie 
f  a  properly  adjusted  balance,  it  will,  after  vibrating  for 
ne,  invariably  return  to  a  horizontal  poation.  The  centre 
ty  of  tlie  beam  is  exactly  under  the  fulcrum,  and  in  a  line 
angles  to  the  axis  only  vhen  the  two  pans  are  equally 
If  unequally  loaded,  the  centre  of  gravity  is  to  the  right 
le  left  of  this  line ;  and  in  that  case  the  beam  tends  to 
)  rest  at  an  angle  to  the  horizontal  position,  rapidly  in- 
;  with  the  inequality  of  the  weiglit  until  the  beam  is  entirely 
In  weighing  with  a  delicate  balance,  it  is  not  necessary 
until  the  beam  comes  to  rest,  in  order  to  ascertain  whetlier 
s  have  been  equally  loaded.  Tliis  can  be  ascertained  more 
y  by  noticing  the  amplitude  of  the  vibrations  of  the  index 
T  side  of  tiie  perpendicular,  by  means  of  tlie  graduated 
hey  will  be  equal  only  when  the  weights  in  the  two  pans 
il. 

ensibility  of  a  balance  depends  in  great  measure  on  the 
9  of  the  centre  of  gravity  to  the  fulcrum.  In  order  that 
weight,  placed  in  one  pan  of  a  balance,  sliould  turn  the 
;  must  evidently  overcome  two  forces ;  first,  the  friction 
:nife-edges  on  their  bearings,  and,  secondly,  the  tendency 
xiani  to  remain  in  a  horizontal  position.  This  tendency 
;  ns  has  already  been  shown,  upon  the  position  of  tlie 
•f  gravity  below  the  point  of  support.     Let  us  now  com- 

0  cases  iu  which  tlie  centres  of  gravity  are  at  different 
■s  from  the  fulcrum,  _ 
i^rtain  in  which  case 
■e  required  to  turn 
n  will  be  the  least. 
48,  suppose  the  line 
be  the  axis  of  the 
!)  the  fulcrum,  and 
the  centre  of  grav- 
'e  have  now  to  in- 

1  what   position  of 
tre  of  gravity  it  will  ""' " 

the  least  force  to  bring  the  beam  to  a  new  position,  a'  b'. 
•-T  to  bring  the  axis  of  the  beam  to  this  position,  it  will  be 
ry  to  bring  the  centre  of  gravity  from  g-  to  g^,  or  from  G 

Iu  the  first  case,  it  will  be  necessary  to  raise  the  whole 
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rig.  44. 


weight  of  the  beam  and  pans,  which  we  suppose  concentrated  at 
g,  through  the  perpendicular  distance  g  e ;  and  in  the  seccmd 
case,  to  raise  Uie  same  weight  through  the  distance  G  E.  Since 
tlie  distance  g  e  is  much  less  than  the  distance  G  Ey  it  is  en- 
dent  that  it  will  require  a  less  force  in  the  first  case  than  in 
the  second.  Hence,  the  sensibilitj  of  the  balance  is  the  greater, 
the  nearer  the  centre  of  gravity  is  to  the  fulcrum. 

3.  It  is  important  that  the  points  of  suspension  of  the  pam 
should  be  on  an  exact  level  with  the  fulcrum.    The  importance 

of  this  condition  may  be  seen, 
by  remembering  that  an  in- 
crease of  weight  in  the  pans 
is  equiyalent  to  adding  just 
so  much  weight  upon  the 
points  of  suspension,  and 
therefore  tends  to  drawtW 
centre  of  gravity  towards 
the  line  (Pig.  44)  conneclr 
ing  the  two.  If  this  line 
passed  above  the  fulcrum,  is 
in  Fig.  45,  then,  by  increas- 
ing the  weight  in  the  pans, 
the  centre  of  gravity  might 
be  brought  to  coincide  with, 
or  even  be  carried  above,  the 
fulcnim,  when  the  balance 
would  become  useless.  If 
this  line,  as  in  Fig.  45,  passed 
below  the  fulcrum,  an  increase  of  weight  in  the  pans  would  tend 
to  draw  down  the  centre  of  gravity  ;  and  thus,  by  increasing  its 
distance  from  the  fulcrum,  would  diminish  the  sensibility  of  the 
balance.  When,  however,  the  line  passes  through  the  fulcnim, 
as  in  Fig.  46,  the  points  of  suspension  of  the  pans  are  on  an  ex- 
act level  with  the  fidcrum,  and  an  increase  of  load  always  tends 
to  raise  the  centre  of  gravity  towards  the  fulcrum  in  proportion  to 
its  amount ;  so  that  a  well-adjusted  balance  theoretically  should 
turn  with  the  same  weight,  whatever  may  be  the  load  placed  upon 
it,  from  the  smallest  to  the  largest  of  which  its  construction  admits. 
This  last  point  can  be  still  further  illustrated  in  tlio  following 
manner.     It  has  already  been  shown,  that  the  weight  required  to 
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turn  the  balance,  when  unloaded^  maj  be  measured  by  the  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
tlirou^  a  small  arc,  G  G'  (Fig.  43),  when  applied  at  V.     Let  us 
iQppose  that  the  pans  are  loaded  with  a  weight  of  one  kilogramme 
each.    It  is  evident,  from  what  has  been  said,  that  this  is  equiv- 
alent to  condensing  a  mass  of  matter  equal  to  one  kilogramme 
at  each  of  the  points  a  and  b.    The  centre  of  gravity  of  these 
Ottflses  must  evidently  be  at  the  middle  of  the  line  a  by  that  is, 
at  the  fulcrum  of  the  balance.     Since,  then,  this  additional  weight 
is  supported  in  any  position  of  the  beam,  it  follows  that  the  weigiit 
required  to  turn  the  balance  is  still  measured  only  by  the  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
through  the  arc  Gy  G\  or,  to  generalize,  the  absolute  weight  re- 
quired to  turn  the  balance  is  the  same,  whatever  may  be  the  load. 
This,  however,  is  only   theoretically  true,  for  in  practice  the 
weight  required  increases  with  the  load,  in  consequence  of  the 
iBcre&sed  friction  and  the  slight  bending  of  the  beam  which  it 
causes.    While,  however,  the  absolute  weight  required  to  turn  the 
Uaace  increases  from  these  causes  with  the  load,  the  proportion 
tf  this  weight  to  the  whole  load  diminishes.     This  is  what  is 
ttually  meant  by  the  sensibility  of  the  balance,  and  in  this  sense, 
evidently,  the  sensibility  increases  with  the  load. 

4.  It  is  important  that  the  friction  of  the  knife-edges  on  their 
iearings  shoiQd  be  as  slight  as  possible.  The  importance  of  this 
circumstance  is  so  evident,  that  it  does  not  require  illustration. 
It  is  secured  by  a  carefid  construction  of  the  knife-edges,  and  by 
making  the  beam  as  light  as  is  consistent  with  rigidity. 

In  endeavoring  to  combine  tlicse  conditions,  the  balance-maker 

meets  with  many  practical  obstacles.     If  he  endeavors  to  increase 

the  sensibility  of  his  balance  by  diminishing  the  weight  of  the 

beam,  he  soon  finds  that  he  loses  as  much  as  he  gains,  by  the  i]i- 

ereased  flexure.     If,  again,  he  attempts  to  increase  the  sensibility 

bj  lengthening  the  beam,  he  soon  comes  to  a  limit,  beyond  which 

the  increased  leverage  is  more  than  compensated  by  the  increased 

friction  due  to  the  necessarily  increased  weight  of  the  beam. 

Nevertheless,  by  carefully  attending  to  the  necessary  conditions, 

balances  may  be  constructed  with  a  remarkable  degree  of  sen.'^i- 

bility.    They  have  been  made  so  delicate,  that,  when  loaded  with 

ten  kilogrammes,  they  will  turn  with  one  milligramme,  that  is, 

▼ith  one  ten-millionth  of  the  load. 
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Ctmtre  of  Gratiiy. 

51.  Two  nuuwes  of  matter  are  immovably  onitedy  ul  «->  14  units  of 
maMy  and  B  ^b  10  anits  of  mass.  What  is  the  position  of  their  oommon 
centre  of  gravit j  ? 

52.  A  maM  of  matter,  A,  =»  15  miits  of  mass,  is  unmovablj  united  to 
a  second  mass,  B,  It  is  fotmd  bj  experiment  that  the  conmion  centre  of 
gravity  of  the  two  masses  is  nearest  to  Ay  and  divides  the  line  coDnectiog 
the  masses  into  two  parts,  which  are  to  each  other  as  2  is  to  3.  What 
is  the  mass  of  B? 

Intennty  of  the  Earth*$  Attraetion, 

In  thcie  problems,  the  student  is  expected  to  ose  the  .valnes  of  g  giren  in  the  tiUe 
on  pftge  76. 

53.  What  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  bodj 
whose  mass  is  equal  to  25  imits  of  mass  ?  What  is  the  intensity  of  the 
force  of  gravity,  at  Paris,  on  bodies  whose  masses  are  respectively  20, 60, 
720,  430,  and  510  units  of  mass? 

54.  What  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  bodj 
whose  mass  is  equal  to  0.1019  unit? 

Pendulum. 

hb.  What  is  the  time  of  vibration,  at  Paris,  of  a  pendulum  which  is 
0.99394  metre  long  ?  What  are  the  times  of  vibration  of  penduluiw 
which  are  respectively  twice,  three  times,  four  times,  five  times,  and  nine 
times  this  length  ?  The  amplitude  in  each  case  is  supposed  to  be  infi- 
nitely small,  and  the  pendulum  to  oscillate  in  a  vacuum. 

56.  If  the  amplitude  of  the  oscillation  of  the  pendulum  of  the  last  ex- 
ample is  9*^,  how  much  would  the  duration  of  an  oscillation  be  increased. 
Solve  the  same  problem  for  amplitudes  of  1**,  2**,  4°,  and  5°. 

57.  If  the  pendulum  of  a  clock,  beating  seconds  at  Paris,  were  length- 
ened by  expansion  one  ten-thousandth  of  its  length,  how  many  seconds 
would  it  lo8e  each  day  ? 

58.  If  a  clock,  keeping  perfect  time  at  Paris,  were  carried  to  Spitxbei- 
gon,  how  much  would  it  gain  each  day,  on  the  supposition  that  all  the 
conditions,  with  the  exception  of  the  intensity  of  gravity,  remained  the 
same  ?     How  much  would  it  lose  if  carried  to  the  equator  ? 

59.  A  pendulum  on  the  equator,  0.990934  metre  long,  was  found  to 
oscillate  in  one  second.     What  is  the  intensity  of  gravity  ? 

GO.  A  pendulum  at  Paris  one  metre  long  was  found  to  oscillate  in 
l.()()iU)4  8ec*onds.     What  was  the  intensity  of  gravity  ? 

61.  A  pendulum  at  Paris  four  metres  long  was  found  to  oscillate  in 
2.00G08  seconds.     What  was  the  intensity  of  gravity  ? 
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62.  What  18  the  intensity  of  gravity  at  the  latitude  of  42""  2V  ?  What 
is  the  length  of  the  seconds  pendulum  at  this  latitude  ? 

63.  What  is  the  intensity  of  gravity,  and  what  the  length  of  the  sec- 
onds pendulum,  on  the  following  parallels  of  latitude,  viz.  15*^,  22**,  56*^, 
iiKi74'*? 

64.  What  is  the  intensity  of  the  .centrifugal  force  on  the  parallels  of 
khnde  of  5*,  20%  30**,  50^  and  70*  ?  What  is  the  absolute  intensity  of 
gravity  on  these  parallels  ? 

65.  What  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Washington, 
New  Hampshire?  Latitude  of  Mt  Washington,  44**  15'.  Height  of 
summit  above  the  sea-level,  2,027  metres. 

66.  What  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Blanc  ?  Lat- 
itude of  Mt.  Blanc,  45*  50'.  Height  of  summit  above  tlie  sea-level, 
^U  metres. 

WetghL 

67.  What  is  the  weight  of  a  body  containing  10  units  of  mass  at  Paris  ? 
^t  is  the  weight  of  the  same  bod||at  Boston  ?  The  latitude  of  Boston 
ia  42*  21'. 

68.  What  is  the  weight  of  a  body  containing  500  imits  of  mass,  at  the 
^oator  and  at  the  poles  ? 

69.  What  is  the  specific  weight  of  iron  at  Paris  ?  What  are  the  spe- 
cific weights  of  lead,  tin,  mercury,  sulphur,  sodium,  and  lithium,  at  Paris  ? 
iuxi  also  at  Boston  ? 

Mass. 

70.  What  is  the  mass  of  100  kilogrammes  of  iron  ?  What  are  the 
masses  of  50  grammes  of  sulphur,  of  40  grammes  of  mercury,  of  90  kilo- 
grammes of  granite,  when  the  value  of  g  is  9.810  ? 

71.  MTiat  is  the  mass  of  75  kilogrammes  of  ice,  of  20  kilogranmies  of 
common  salt,  of  50  grammes  of  air,  when  g  «=  9.810  ? 

72.  What  is  the  mass  of  a  cubic  decimetre  of  lead  ?  WTiat  is  the  mass 
of  a  cubic  decimetre  of  ice  ?     Sp.  Gr.  of  Ice  =  0.930. 

73.  Wliat  is  the  ma«s  of  1,000  cubic  metres  of  atmospheric  air  ?  What 
tiiat  of  the  same  volume  of  hydrogen  gas  ? 

Densiig, 

74.  What  is  the  density  of  hammered  copper  ?  What  is  the  density 
^  the  following  substances,  —  lead,  tin,  mercur}',  sulphur,  sodium,  and 
lithium  ?  Calculate  the  density  from  the  i^.  W.  as  obtained  by  solving 
^  ^>*Hh  example,  or  else  from  the  Sp.  Gr.  given  in  the  Table  at  the  end 
of  this  volume. 

75.  What  is  the  density  of  air,  of  oxygen,  of  hydrogen,  and  of  nitrogen, 
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at  the  temperature  of  0®  C.  and  under  a  pressure  of  76  cm.?  The 
relative  weight  of  one  cubic  decimetre  of  these  gases  will  be  found  in 
Table  11.  at  the  end  of  this  volume. 

Helative  Weight. 

76.  The  absolute  weight  of  a  body  at  Paris  is  500  gram.  What  is  its 
relative  weight  ? 

77.  The  relative  weight  of  a  body  at  New  Orleans  is  450  gram.  What 
is  its  absolute  weight  at  the  same  pliace  ?  The  latitude  of  New  Orleans 
is  29'  57'. 

78.  The  relative  weight  of  a  body  at  Paris  is  1,250  gram.  What  is  its 
absolute  weight  at  Boston  ? 

79.  The  relative  weight  of  a  body  is  12,300  gram.  What  is  its  absolute 
weight  at  Quito?  The  latitude  of  Quito  is  O""  13^.5,  and  its  elevalioB 
above  the  sea-level  is  2,908  metres. 

80.  The  relative  weight  of  a  body  is  5,450  gram.  What  is  its  mass? 
Find  also  the  masses  of  the  bodies  whose  weights  ore  respectively  560 
gram.,  4,945  gram.,  and  500  gram.  f§ 

81.  The  relative  weight  of  a  body  is  5,255  gram.,  its  volume  is  500  cTm? 
What  is  its  mass  ?  what  is  its  density  ?  and  what  is  its  specific  gravity? 

82.  The  specific  gravity  of  a  body  is  7.248,  and  its  volume  50053? 
What  is  its  density,  mass,  and  weight  ? 

83.  The  mass  of  an  iron  cannon  is  5,000  units,  and  its  specific  gravitf 
7.248.     What  is  its  volume  and  density  ? 

84.  The  specific  gravity  of  a  gas  referred  to  water  is  0.00143028,  and 
its  volume  500  m?     What  is  its  diensity,  mass,  and  weight  ? 

85.  What  is  the  specific  weight,  the  mass,  and  the  density  of  500  cTml' 
of  mercury? 

Unit  of  Force, 

86.  A  body  having  a  density  of  2  units  and  a  volume  of  1,000  cHS* 
acquires,  under  the  influence  of  a  given  force,  an  acceleration  of  8  cnu 
each  second.     What  is  the  intensity  of  the  force  ? 

87.  A  body  whose  weight  is  100  kilogrammes  acquires  an  acceleiatioa 
of  8  m.  each  second.     Wliat  is  the  intensity  of  the  force  ? 

88.  A  body  whose  specific  gravity  is  2  and  whose  volume  is  50  S'  ac- 
quires an  acceleration  of  10  m.  each  second.  What  is  the  intensity  of 
the  force  ? 

89.  On  a  body  weighing  100  kilogrammes  a  force  of  15  kilogrammes 
is  constantly  acting.     What  acceleration  does  it  impart  to  the  body  ? 

90.  To  a  body  whose  volume  equals  10  m.*  a  force  of  300  kilogrammes 
imparts  a  constant  acceleration  of  10  m.  What  is  the  density  of  tbA 
body  ? 


GENERAL  PSOPEBTIES  OF  MATTER.  109- 

ACCIDENTAL  PROPERTIES  OP  MATTER. 

(74.)  DwisibUity.  —  We  have  now  considered  the  first  four 
of  the  general  properties  of  matter  enumerated  in  (7).  All 
of  these,  with  tlie  exception  of  weighty  are  essential  properties^ 
and  are  neoeeearily  associated  with  the  very  idea  of  matter. 
The  four  general  properties  which  remain  to  be  studied  do  not 
seem  to  be  so  essential,  for  we  can  conceive  of  a  kind  of  matter 
^hich  should  not  possess  them.  This  is  true,  for  example,  of 
ikisibility.  We  can  easily  conceive  of  a  kind  of  matter  so  hard 
u  to  be  physically  indivisible,  although  no  such  matter  is  known 
0  exist.  In  fisust,  all  kinds  of  matter,  even  the  hardest,  can  be 
iubdivided,  and,  so  far  as  we  know,  indefinitely ;  the  only  limit 
0  our  power  of  subdivision  being  that  fixed  by  the  imperfection 
f  our  senses. 

The  extent  to  which,  in  some  cases,  the  subdivision  may  bo 
uried  is  almost  incredible.  The  goldbeater  can  hanuner  out  a 
ttgle' gramme  of  gold  until  it  covers  a  surface  of  4,864  cTmr*,  when 
ie  gold-leaf  is  so  thin,  that  fifteen  hundred  such  leaves  placed 
pon  one  another  would  not  equal  in  thickness  a  single  leaf  of  ordi- 
Euy  writing-paper.  The  surface  of  gold  on  the  gilt  wire  used  in 
mbroidery  is  much  thinner  even  than  this.  It  has  been  calcu- 
ited  that  its  thickness  does  not  exceed  one  ten-millionth  of  a 
^ntimetre  ;  and  if  so,  with  the  aid  of  the  microscope  magnifjring 
ve  hundred  diameters,  a  particle  of  gold  can  be  distinguished 
pon  it  not  weighing  more  than  one  forty-two-milliou-millionth 
f  a  gramme. 

The  organic  kingdom  presents  us  with  examples  of  the  subdi- 
ision  of  matter  which  are  still  more  remarkable.  The  micro- 
cope  has  proved  the  existence  of  animals  which  are  as  minute  as 
he  particle  of  gold  mentioned  above,  and  yet  each  of  these  crea- 
ttCBs  is  composed  of  organs  of  locomotion  and  nutrition,  like 
be  larger  animals.  The  finest  human  hair  is  about  one  two- 
tmdred-and-fortieth  of  a  centimetre  in  diameter.  This  is  gen- 
rally  considered  very  fine ;  but  the  hair  is  a  massive  cable  in 
)mparison  with  many  animal  fibres.  The  spider's  thread  is  in 
me  instances  not  more  than  one  twelve-thousandth  of  a  cen- 
metre  in  diameter,  and  yet  each  of  these  threads  is  formed 
'  the  union  of  from  four  to  six  thousand  fibrils.  It  has  been 
Iculated  that  one  gramme  of  this  thread  would  reach  about 
tj  miles. 
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Science  has  not  succeeded  in  discovering  a  limit  to  the  divisi- 
bility of  any  one  kind  of  matter.  Nevertheless,  the  opinion  has 
been  maintained,  and  is  still  held  by  many  scientific  intt||that 
matter  is  not  indefinitely  divisible,  and  that  all  bodies  aie  made 
up  of  an  exceedingly  large  number  of  absolutely  hard,  andheooc 
indivisible  particles,  called  atoms.  According  to  the  oiamieAt- 
orj/y  as  this  hypothesis  is  called,  the  iQtimate  porticleB  of  ,«|tter 
are  indestructible  and  unchangeable,  and  hence  all  plijdQdsDd 
chemical  phenomena  are  caused  by  changes  in  their  rolatifB'poa- 
tion  or  grouping. 

As  these  atoms  are  supposed  to  be  far  smaller  than  the  minulr 
est  portions  of  matter  which  we  can  distinguish  with  the  micror 
scope,  they  arc  beyond  the  limits  of  direct  observation,  and  their 
existence  is  therefore  a  matter  of  inference  from  physical  and 
chemical  phenomena.  It  is  not  necessary,  however,  in  order  to 
explain  these  phenomena,  to  suppose  that  these  atoms  have  any 
absolute  size.  Wc  may,  with  Newton,  regard  them  as  infinitely 
small,  that  is,  as  mere  points,  or,  as  Boscovisch  called  them,  va- 
riable centres  of  attractive  and  repulsive  forces  ;  and  all  the  phe- 
nomena can  be  as  fully  explained  on  this  supposition  as  on  the 
other.  According  to  this  view,  matter  is  purely  a  manifestation 
of  force,  and  only  continues  to  exist  through  the  constant  action 
of  that  Infinite  Will  with  whom  all  force  originates.  As  it  will 
be  constantly  necessary  to  refer  to  these  centres  of  attractive 
and  repulsive  forces  in  matter^  we  will,  for  convenience,  term  the 
minute  portions  of  matter  in  which  they  may  be  supposed  to  re- 
side nwiecules^  and  the  forces  themselves  molecular  forces, 

(75.)  Porosity,  —  The  interstices  between  the  different  parts 
of  bodies  are  called  pores.  The  visible  cavities  of  the  sponge, 
for  example,  arc  pores  of  a  large  size  ;  the  meshes,  of  which  its 
tissues  consist,  are  pores  of  a  smaller  size ;  but  in  addition  to 
these,  there  are  pores  between  the  fibres  of  the  sponge  themselves, 
although  they  are  so  minute  that  they  cannot  be  seen.  lu  like 
manner,  a  thin  slice  of  the  hardest  wood,  examined  under  the 
microscope,  is  found  to  be  full  of  pores  (see  Figs.  47,  48)  ;  and 
the  same  is  true,  to  a  greater  or  less  degree,  of  all  organic  struo 
tures,  as  well  as  of  the  tissues  which  are  manufactured  with 
animal  or  vegetable  fibres.  The  porosity  of  such  substances  is 
well  illustrated  by  the  process  of  filtering.  The  filters  which  are 
used  in  the  arts  and  in  chemical  experiments  are  simply  porous 
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se  pores  ore  large  enough  to  allow  fluids  to  pass 
im,  but,  oti  the  otiier  hand,  small  enough  to  arrest 
irticles,  which  they  hold  in 
Tlie  simplest  and  most 
1  of  a  filter  is  a  cone  of 
»er    supported    in   a    glass 

)£ity  of  organic  substances 

0  ilhistratcd  by  the  appa- 
-ented  in  Fig.  49.  It  con- 
jlass  tube,  A,  closed  from 

1  plug  of  hard  wood  cut 
■  to  its  fibres,  or  by  a  piece 
skin,  as  is  represented  at  o. 
is  surmounted  by  a  tunnel- 
,  which  may  be  filled  with 
On  exhausting  the  tube  by 
I  air-pump,  the  pressure  of 

surface  of  the  mercury 
ough  the  pores  of  the  dia- 

that  it  falls  in  showers 
;  tul)e. 

of  chalk  plunged  under 
placed  under  the  receiver 
■imp,  will,  on  withdrawing 
el  a  torrent  of  air-bubblcs,  which  had  been  concealed 
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in  the  internal  pores  of  the  stone.  The  same  is  true  of  many 
other  varieties  of  stone.  There  is  a  kind  of  agate,  called  hydro* 
phane,  which  in  its  ordinary  state  is  only  semi-transparent,  bat 
after  being  plunged  in  water  takes  up  about  one  sixth  of  its  bulk 
of  that  fluid,  and  becomes  nearly  as  transparent  as  glass.  The 
porosity  of  metals  was  proved  by  the  Academicians  of  Florence 
in  the  year  1661.  They  filled  a  hollow  ball  of  gold  with  water, 
and  submitted  it  to  great  pressure,  by  which  the  liquid  vas 
made  to  ooze  through  the  pores  of  the  metal.  The  same  exper- 
iment has  since  been  repeated  on  different  metals,  and  with  like 
success. 

The  porosity  of  gases  and  liquids  is  proved  by  ilieir  power  of 
penetrating  each  other  without  a  corresponding  change  of  vol- 
ume. This  is  illustrated  by  an  experiment  devised  by  Reau- 
mur. He  filled  a  long  tube  closed  at  one  end,  half  with  water 
and  the  remainder  with  alcohol.  Having  careftilly  closed  the 
mouth  of  the  tube,  he  inverted  it  in  order  to  mix  the  two 
liquids,  when  he  found  that  a  contraction  of  the  liquids  took 
place. 

Another  experiment,  illustrating  the  same  property  in  regard 
to  gases,  is  the  following.  A  globe  containing  air  is  so  arranged 
that  small  quantities  of  liquids  can  be  introduced  into  it  without 
allowing  the  air  to  escape.  If,  now,  a  few  drops  of  alcohol  are 
made  to  enter  the  globe,  this  alcohol  will  evaporate  to  as  great  an 
extent  as  if  the  globe  were  empty,  and  the  space,  which  before 
contained  only  air,  will  now  contain  both  air  and  alcohol  vapor. 
If,  next,  some  ether  is  forced  into  the  globe,  this  liquid  will  also 
evaporate,  and  exactly  as  much  ether  vapor  will  be  formed  as  if 
the  globe  had  contained  previously  neither  air  nor  alcohol  vapor, 
and  we  shall  then  have  the  space  occupied  simultaneously  by 
air,  alcohol  vapor,  and  ether  vapor.  In  like  manner,  we  may  in- 
troduce any  number  of  volatile  liquids  into  the  globe,  and  yet,  80 
far  as  we  know,  each  of  these  will  evaporate  to  the  same  extent 
as  if  the  globe  were  entirely  empty,  provided  only  that  these  sub- 
stances do  not  act  chemically  on  each  other.  We  may  thus  have, 
as  the  result  of  spontaneous  evaporation,  twenty  or  thirty  difle^ 
ent  vapors,  all  existing  simultaneously  in  the  same  space. 

By  the  experiments  which  have  been  cited,  the  porosity  of  most 
substances  can  be  abundantly  proved.  The  porosity  of  glass, 
however,  and  of  many  other  substances,  does  not  admit  of  such 
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proof;  jet  in  tliese  substances  the  porositj  is  rendered  quite  evi- 
dent by  the  changes  of  bulk  which  they  undergo  under  the  in- 
fluence of  heat  and  cold. 

We  make  an  obvious  distinction  between  the  large  pores,  which 
exist  especially  in  organized  bodies,  and  the  intermolecular  spa- 
ces. The  first  arise  from  the  want  of  continuity  of  the  matter, 
and  may  be  regarded  in  a  measure  as  accidental,  varying  with 
tlie  structure  and  organization  of  the  body.  They  are  frequently 
visible  to  tlie  naked  eye,  or  at  least  become  evident  with  the  aid 
of  tlie  microscope.  The  last  are  the  exceedingly  minute  and  in- 
risible  spaces  which  exist  between  the  molecules  of  matter.  Those 
philosophers  who  have  admitted  the  existence  of  atoms,  have  gen- 
erally concurred  in  the  belief  that  the  atoms  even  of  the  densest 
wilds  are  very  much  smaller  than  the  spaces  which  separate 
them.  Sir  John  Herschel  asks  why  the  atoms  of  a  solid  may  not 
)e  imagined  to  be  as  thinly  distributed  through  the  space  it  oc- 
apies,  as  the  stars  that  compose  a  nebula  ;  and  compares  a  ray 
f  light  penetrating  glass  to  a  bird  threading  the  mazes  of  a 
)rest. 

(76.)  Compressibility  and  Expansibility.  —  The  property  of 
orosity  necessarily  implies  that  of  compressibility  and  expansi- 
ility.  According  to  the  atomic  theory,  any  body  is  capable  of 
n  indefinite  expansion,  because  we  may  conceive  of  the  dis- 
ince  between  the  atoms  as  being  indefinitely  increased.  It 
ould  only,  however,  be  compressed  till  the  atoms  come  in  con- 
act.  According  to  the  other  theory  of  the  constitution  of  mat- 
er, advanced  in  (74),  a  body  is  capable  of  being  both  con- 
racted  and  expanded  indefuiitely.  These  changes  of  volume 
u^  most  readily  efTccted  by  the  action  of  heat,  and,  so  far  as  we 
bow,  all  bodies  may  be  indefinitely  expanded  by  heat  and  con- 
tracted by  cold.  These  effects  of  heat  will  be  considered  at 
kngtli  in  Chapter  IV.,  and  we  shall  therefore  only  allude  in  this 
place  to  a  few  examples  of  compression  produced  by  mechanical 
means. 

Pieces  of  oak,  ash,  or  elm,  plunged  into  the  sea  to  the  depth 
of  2,000  metres,  and  drawn  up  after  two  or  three  hours,  have 
^*eii  found  to  contain  four  fifths  of  their  weight  of  water,  and  to 
acquire  such  an  increase  of  density  as  to  indicate  the  contraction 
of  the  wood  into  about  half  its  previous  volume.  Some  of  the 
inetals  have  their  bulk  permanently  diminished  by  hammering ; 
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and  so  also  in  the  process  of  coming,  the  rolame  of  the  d 
seosiblj  diminished  by  the  preesure  to  vhich  it  is  submittet 
tiie  die.  The  etone  colunuie  of  buildings,  also,  -when  th 
tain  great  weights,  are  freqaently  very  sensibly  shortened, 
was  the  case  with  the  columns  which  support  the  dome 
Pantheon  at  Paris. 

It  was  long  supposed  that  liquids  were  incompressibl 
they  are  now  known  to  be  compressible,  althougli  only  to  : 
degree.  The  corapressibility  of 
may  be  illustrated  by  the  apparat 
resented  in  Fig.  50.  Jt  consiE 
very  thick  cylindrical  vessel  of 
eight  or  nine  centimetres  in  dii 
which  is  closed  at  the  bottom  ai 
ported  on  a  basement  of  wood, 
top  is  cemented  a  brass  cap,  ink 
screws  a  copper  plate,  which,  whe 
place,  completely  closes  the  cy 
but  which  can  be  unscrewed  af 
ure,  in  order  to  remove  and  repli 
tubes  A  and  B  within  the  cylindc 
this  plate  are  adapted  the  tmmcl 
introducing  water  into  tlie  cylind 
a  cylinder  with  a  piston  for  c 
pressure,  which  cuii  be  moved 
screw  P.  Witliin  the  apparatus 
elongated  glass  bulb  A,  which  1 
with  the  liquid  on  which  the  espt 
is  to  be  made.  Tliis  bulb  opens 
bent  capillary  glass  tube,  whos' 
end  is  plunged  in  the  mercury  which  covers  the  bottom 
vessel.  At  the  side  of  this  apparatus  is  a  manometer  ti 
which  indicates,  in  a  way  which  will  be  hereafter  descrik 
amount  of  pressure. 

In  using  the  apparatus,  tho  bulb  A  is  first  filled  with  tht 
to  be  compressed.  This  is  tlien  supported,  as  represented 
figure,  in  the  interior  of  the  cylinder,  with  the  open  end 
tube  dipjiing  under  the  mercury.  The  cylinder  is  no' 
with  water,  and  the  pressure  applied  by  turning  the  sc 
Tlie  mercury  will  then  be  seen  to  rise  iu  tlio  capillary  tub 
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i  compression  of  the  fluid  contained  in  the  bulb.  In 
measure  the  amount  of  compression,  the  capillary  tube 
ated  into  pa^s  of  equal  capacity,  each  of  which  bears  a 
elation  to  the  capacity  of  tlie  bulb.  The  total  amount 
ression,  however,  which  we  can  thus  produce,  amounts 
I  few  millionths  of  the  original  volume. 
omjMressibility  of  gases  is  far  greater  than  that  of  either 
tlier  conditions  of  matter.  If  we  take  a  glass  cylinder 
;  one  end.  Fig.  51,  and  insert  into 
tcurately-fitting  piston,  it  will  be 
apossible  to  force  the  piston  into 
,  if  it  be  full  of  water ;  but  if  full 
le  force  of  the  arm  is  sufficient  to 
3  piston  down  so  as  to  reduce  tlie 
)f  air  ten  or  twenty  times,  if  the 
;  small.  We  feel  the  resistance 
in  proportion  to  the  compression  ; 
tever  may  be  the  force  exerted, 
)t  make  the  piston  touch  the  bot- 
he  tube.  The  compressibility  of 
ses  is  also  limited  by  the  fact  that 
reduced  by  great  pressure  to  a 
lie. 

Elaslicity,  —  The  property  which 
!s  possess  to  a  certain  extent,  of 
I  their  original  form  or  volume 
;  force  which  altered  this  form  or 
eeascs  to  act,  is  called  elasticity, 
perty  is  the  manifestation  of  a  ten- 
lich  the  particles  of  bodies  possess,  to  maintain  a  certain 
or  position  with  regard  to  each  other,  and  to  resume  that 
or  position  when  they  have  been  disturbed.  The  phe- 
of  elasticity  may  be  developed  in  solids  by  compression^ 
«,  by  flexure^  or  by  torsion.  In  fluids,  however,  elasticity 
leveloped  only  by  compression,  and  it  is  only  this  form 
:ity,  therefore,  which  can  be  regarded  as  a  general  prop- 
natter. 

lids,  both  liquid  and  gaseous,  are  perfectly  elastic ;  and 
ticity  is  unlimited  in  extent,  since  they  resume  exactly 
ginal  volume  as  soon  as  the  pressure  by  which  tliis  was 
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diminished  is  removed,  however  long  it  may  have  been  ap 
plied. 

Grases  tend  to  expand  indefinitely,  and,^ther  circumstance 
being  equal,  a  definite  volume  always  corresponds  to  a  give 
pressure.  If  the  pressure  is  increased,  the  volume  diminishet 
and  if  the  pressure  is  diminished,  the  volume  increases.  EeDC4 
gases  are  frequently  calied  permanently  elastic  fluids. 

The  elasticity  of  solids  is  not  perfect  and  unlimited,  like  ths 
of  fluids.  In  some  solids,  such  as  glass,  it  appears  to  be  perfect 
for  no  force,  however  great  or  long  continued,  will  cause  glass  t 
take  a  sety  as  it  is  called,  that  is,  will  cause  a  permanent  chang 
either  in  form  or  bulk.  But  then  this  elasticity  is  confined  withii 
very  narrow  limits  ;  for  if  the  displacement  of  the  particles  ex 
ceeds  a  very  small  amount,  the  body  is  crushed.  In  other  solids 
as  in  Indiarnibber  or  the  metals,  the  elasticity'is  less  limited 
but  in  these,  if  the  compressing  force  exceeds  a  certain  amount 
or  is  continued  l>eyond  a  limited  time,  there  remains  a  permanen 
change  of  form  or  bulk.  Within  these  limits,  however,  whici 
differ  very  greatly  in  difierent  substances,  all  solids  appear  U 
be  perfectly  elastic.  It  is  in  the  limit  of  elasticity  that  we  fin( 
the  great  difierences  between  bodies.  Thus,  a  ball  of  steel  or  o 
ivory  will  be  as  elastic  up  to  a  certain  point  as  a  ball  of  India 
rubber,  as  may  be  proved  by  dropping  the  three  balls  upon  i 
hard  surface  from  the  same  height,  and  then  mai*king  the  height 
to  which  they  rebound ;  but  while  the  elasticity  of  the  India-rubbe 
extends  to  almost  any  degree,  that  of  the  others  is  very  limited 
Even  lead  and  pipe-clay,  which  are  generally  considered  as  en 
tirely  devoid  of  elasticity,  show  an  elasticity  as  perfect  as  that  o 
the  best-tempered  steel,  but  within  very  narrow  limits. 


CHAPTER    III. 
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8.)  Molecular  Forces.  —  Tlie  forces  which  are  supposed  to 
late  from  tlie  molecules  of  matter,  aud  which  we  have  termed 
'mlmr  forces^  are  either  attractive^  tending  to  draw  together 
lolecules  of  a  body,  or  repulsive^  tending  to  drive  them  apart. 
Jiree  states  of  matter  seem  to  depend  on  the  relative  inten- 
r  these  forces.  When  the  atti*active  forces  are  in  excess,  the 
;ules  of  a  body  are  held  together  more  or  less  firmly,  and  we 
the  solid  state.  When  the  attractive  forces  are  nearly  bal- 
by  the  repulsive  forces,  the  molecules  are  in  equilibrium 
udued  with  freedom  of  motion  among  themselves,  and  we 
the  liquid  state.  Finally,  when  the  repulsive  forces  are  in 
s,  the  molecules  tend  to  recede  from  each  other,  and  we 
a  state  of  permanent  tension,  which  we  call  a  gas, 
regard  to  tlie  mode  of  action  of  tliese  molecular  forces,  we 
little  or  no  accurate  knowledge,  and  all  our  theories  in  re- 
to  them  are  inferences  from  the  phenomena  which  the 
nations  of  these  molecules,  the  masses  of  matter,  exhibit, 
attractive  forces  act  only  through  extremely  small  distances, 
al  facts  may  be  cited  in  illustration  of  this.  If,  when  the 
urfaces  of  two  hemispheres  of  lead  are  tarnished,  they  are 
d  together,  tliey  will  not  adhere.  If,  however,  the  super- 
coating  of  oxide  is  removed  with  a  sharp  knife,  and  the 
lean  surfaces  are  then  pressed  together,  they  adhere  with 
force.  The  process  of  welding  iron  aflfords  an  illustration 
)  same  fact.  In  order  to  unite  two  bars  of  iron,  the  ends 
joined  are  first  softened,  by  heating  them  to  a  white  heat  in 
:e,  and  then  hammered  together  on  an  anvil.  The  com- 
union  of  the  bars  cannot  be  attained  in  this  process  unless 
)ating  of  oxide,  which  forms  in  the  forge  on  the  heated 
es,  is  dissolved  by  sprinkling  on  the  ends  of  the  bars  pow- 
borax,  or  some  similar  substance.  So  also  pieces  of  wax, 
I,  India-rubber,  and  other  soft  substances,  cannot  be  made 
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to  adhere  when  their  surfaces  are  covered  with  dust,  but  can  Im 
united  firmly  together  wlien  the  surfaces  are  clean.  Fmally 
plates  of  polished  glass  have  been  known,  simply  from  resting  oi 
each  other  in  the  warehouse,  to  adhere  so  firmly  as  to  resist  al 
eflForts  to  separate  them,  breaking  as  readily  in  any  other  direc 
tion  as  at  the  plane  of  junction.  The  thinnest  film  of  tissue 
paper  interposed  between  them  is  sufficient  to  prevent  any  sue 
adhesion. 

The  repulsive  forces  do  not  appear  to  be  so  inherent  in  the  pai 
tides  of  matter  as  the  attractive  force.  Tliey  seem  to  be  due  fc 
the  action  of  an  external  agent,  called  heat.  This  opinion  is  sup 
ported  by  many  facts.  The  first  effect  of  heat  on  a  solid  is  tc 
expand  it,  that  is,  to  separate  the  molecules  from  each  oilier;  but 
as  it  accumulates  in  the  body,  it  changes  its  condition,  first  into  tbe 
liquid,  and  subsequently  into  the  gaseous  state.  So  also,  wbea 
two  plates  of  glass  are  pressed  firmly  together,  the  minute  inteml 
which'still  separates  them  is  increased  by  heating.  The  partidei 
of  finely  divided  and  infusible  powders  repel  each  other  when 
intensely  heated,  and  the  powders  roll  round  in  the  crucible  m  if 
they  were  liquid  ;  and  lastly,  when  water  is  dropped  into  a  heated 
metallic  dish,  it  does  not  moisten  the  sides  of  the  dish,  but  ii 
repelled  by  it  and  assumes  a  globular  form.  The  repulsion  is 
so  great,  that,  if  the  dish  is  pierced  with  holes,  like  a  sieve,  the 
water  will  not  run  out.  Since,  then,  heat  evidently  increases  the 
repulsive  forces  between  the  molecules  of  matter,  it  is  natural  to 
conclude  that  it  is  the  cause  of  these  forces,  and  this  hypothesis 
is  generally  admitted. 

In  studying  the  phenomena  of  matter  due  to  those  molecuUr 
forces,  it  will  be  convenient  to  class  them  under  two  heads: 
first,  those  phenomena  caused  by  the  action  of  these  forces  be- 
tween homogeneous  molecules,  such  as  the  molecules  of  the  same 
substance ;  secondly,  those  phenomena  caused  by  the  action  d 
the  forces  between  heterogeneous  molecules,  such  as  those  of  dif 
ferent  substances.  To  the  first  class  belong  those  phenomeni 
wliich  characterize  the  solid,  liquid,  and  gaseous  conditions  ol 
matter ;  to  the  second,  the  phenomena  of  capUlarUy  (or  adbe 
sion)  and  diffusion. 
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MOLECULAR  FORCES  BETWEEN  HOMOGENEOUS  MOLECULES. 

I.  Characteristic  Properties  op  Solids. 

Among  the  chfuracteristic  properties  of  solids,  we  shall  consider 
thefoDowing: — Crystalline  Form,  Elasticity,  Resistance  to  Rup- 
ture, and  Hardness. 

Crystallography. 

(79.)  CrystaJline  Form.  —  The  force  which  holds  together 
the  molecules  of  solids  is  called  cohesion ;  and  the  most  ob- 
^'otts  effect  of  this  force  is  to  retain  the  molecules  in  a  fixed 
poflition  with  reference  to  each  otlier,  and  hence  to  give  to  the 
solid  a  more  or  less  permanent  form.  Almost  all  solids,  when 
tbej  are  formed  slowly,  under  circumstances  such  that  the 
Qiioleculei&  are  free  to  arrange  themselves  in  accordance  with 
iie  tendencies  of  the  molecular  forces,  assume  definite  external 
brms.  These  forms,  with  certain  limitations,  are  always  the 
iame  for  the  same  substance,  but  may  differ  in  different  sub- 
stances. They  are,  therefore,  essential  forms,  depending  upon 
he  nature  of  the  substance.  Such  forms  are  called  crystals,  and 
•he  processes  by  which  they  are  obtained  are  called  processes  of 
rystallizalion. 

The  larger  number  of  inorganic  solids  which  we  meet  with  in 
jvery-day  life,  do  not  appear  to  have  any  regularity  of  outward 
form.  Their  form  is  generally  accidental^  one  which  has  been 
giTen  by  art,  or  which  is  due  to  the  accidental  circumstances 
tUMler  which  the  solid  has  been  placed.  In  some  cases,  how- 
BTer,  if  we  break  the  solid  and  examine  the  fracture,  it  will  be 
Ken  that  the  solid  is  an  aggregation  of  minute  crystals  closely 
lacked  together.  This  is  the  case  with  granite  and 'many  other 
locks.  Other  solids  split  readily  along  certain  planes,  called 
planes  of  cleavage.  Both  these  classes  of  bodies  are  said  to 
iave  a  crystalline  structure.  In  many  cases,  however,  no  indi- 
cations of  a  crystalline  structure  can  be  seen ;  but  in  almost  all, 
the  soUd  can  be  made  to  assume  a  regular  crystalline  form  by 
Mie  of  the  processes  described  in  the  next  section. 

(80.)  Processes  of  Crystallization,  —  The  conditions  of  crys- 
tallization are  freedom  of  motion  in  the  molecules  from  which 
he  soUd  is  forming,  and  sufficient  time  for  the  molecules  to  ar- 
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range  themselves  in  obedience  to  the  molecular  forces.    These 
conditions  are  generally  obtained  in  one  of  four  ways. 

The  Jirst  consists  in  dissolving  the  solid  in  water  or  some  other 
solvent,  and  allowing  the  liquid  to  evaporate  slowly.  As  the  solid 
is  slowly  deposited,  it  assumes  tfie  crystalline  form.  This  method 
is  the  most  universally  applicable,  and  the  one  by  which  crystals 
are  usually  formed  in  nature.  The  best  method  of  applying  it 
consists  in  making  a  concentrated  solution  of  the  substance  in 
water,  placing  the  solution  in  a  shallow  dish,  covering  the  dish 
with  porous  paper  fastened  tightly  round  the  edges  to  prevent 
dust  from  settling  upon  the  liquid,  and  leaving  it  in  a  moderately 
warm  place  until  the  crystallization  is  completed.  When  the 
substance  is  not  soluble  in  water,  it  can  generally  be  dissolved  in 
alcohol,  ether,  sulphide  of  carbon,  or  melted  boracic  acid,  instead 
of  water.  Sulphur,  for  example,  may  be  crystallized  from  a  so- 
lution in  sulphide  of  carbon ;  and  alumina  may  be  crystallized 
by  dissohing  it  in  melted  boracic  acid,  and  exposing  the  solutioa 
to  the  intense  heat  of  a  porcelain  furnace.  At  this  tei/ 
temperature  the  boracic  acid  slowly  evaporates.  Most 
are  more  soluble  in  hot  water  than  in  cold,  and  these  catf 
crystallized  by  making  a  concentrated  hot  solution,  and 
it  to  cool ;  the  excess  of  the  solid  in  solution  over  that  w 
water  will  dissolve,  is  deposited  in  crystals.  Unless,  h 
the  quantity  of  the  solution  is  very  considerable,  large  and  pe^ 
feet  crystals  are  not  so  frequently  formed  in  this  way  as  by  slow 
evaporation.  A  small  quantity  of  solution  cools  so  rapidly,  that 
sufficient  time  is  not  afforded  for  perfect  crystallization. 

The  second  method  consists  in  melting  the  solid  in  a  crucible, 
and  allowing  the  liquid  to  cool  very  slowly.  When  a  solid  crust 
forms  on  the  surface,  this  is  broken,  and  the  remaining  liquid 
turned  out,  when  the  inside  of  the  crucible  is  found  lined  with 
crystals.  Sulphur  and  many  of  the  metals  may  be  crystallized 
in  this  way. 

The  third  method  consists  in  converting  the  solid  into  vapor, 
and  subsequently  condensing  the  vapor  in  a  cool  receiver,—* 
process  which  is  called  sublimation.  Iodine,  arsenic,  arsenious 
acid,  and  many  other  substances,  can  be  crystallized  by  this 
method. 

TYiQ  fourth  method  consists  in  very  slowly  decomposing  some 
chemical  compound  containing  the  substance,  eitlier  by  electricity 
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I  actioti  of  some  chemical  agent.  Tlie  cryGtala  o^  metals 
Q  the  processes  of  electrometallurgy  are  the  beet  ezam- 
lia  method.  ■-' 

Definitions.  —  A  crystal  is  always  bounded  by  plane 
I  is  therefore  a  polyhedron.  The  faces  of  the  diamond 
ime  other  crystals  are  at  times  curved ;  hut  iu  such 
apparently  curved  surface  can  generally  be  seen  to  be 
of  a  lai^  number  of  very  small  planes.  The  terms 
eometry  are  used,  without  change  of  meaiiuig,  in  crye- 
ly.  Thus  we  speak  of  faces,  edges,  plane  angles,  intor- 
;les,  and  solid  angles.  The  axis  of  a  crystal  is  a  line 
trough  its  centre,  round  which  two  or  more  faces  are 
cally  arranged.  Ih  every  crystal,  at  leai-t  tliroe  such 
be  distinguished.  Li  Fig:;.  C2,  CO,  and  C4,  the  axes  are 
by  dotted  liues. 


•Systems  of  Crystah.  —  A  crystal  is  a  solid  bounded  by 
Tariffed  symmetricaUy  round  one  or  another  of  six  sys~ 


first  system  (Fig.  55)  is 
!  Moiwmetnc  System,  and 
of  three  axes,  of  equal 
1(1  at  right  angles  to  each 
?he  length  of  each  semi- 
hall  represent  in  tliiswork 
i  the  system  of  axes  by  the 

:  a  :  a.  It  is  hardly  Jio- 
>  observe,  that,  as  crystals 
■  very  greatly  in  size,  the 
lengths  of  tlie  axes  must  "■"■ 

he  same  extent,  and  that  it  is  the  relative  lengths  only 
3  constant. 

n 


iss 
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±  The  Eoeond  srstem  (Fi^.  o4>  is  called  the  Dimetrie  Sg 

utd  conn5ts,  like  the  Ian.  of  three  axes  at  ri^t  angles  to 

other.     The  tro  axes  in  tbe  borii 

plane  of  the  %ine  an  called  the  U 

airs,  and  are  eqoal  to  each  oilier. 

shall  represent  the  lotglh  of  each  h 

tbew  axes  br  <t.     The  third  is  calle 

rmieai  oris,  tad  is  either  longer  on 

er  tiian  the  other  Ivol    We  shall  repi 

tlie  length  of  each  half  of  this  axis 

Tiie  symbol  representitig  this  sysu 

axes  is  a  z  a  lb.    Tbe  ratio  betwi 

and  b  is  irrationaL     Thus,  iu  cryst 

'**^  tin.  tbe  ratio  between  the  axes  is  a  : 

1 :  O.dSoT.    In  the  mouometric  ^rston  diere  can  be  bnt  one 

axes ;  but  in  this  srstein  tliere  can  be  as  manj  sets  of  u 

the  number  <^  possible  irratioual  ratioe  berreen  a  and  b.  • 

is  of  course  infinite.     Tbe  ratio  Tot 

tals  of  the  nme  substance  is  alwa^ 

flame;  batitdifiersforcnr^talsofdif 

Eobetances,  no  tro  substances  hario 

same  ratio. 

3.  The  third  system  (Fig  57)  is  - 

the  Hexagonal   Sjfstem,  aiid  coosi 

four  axes.     Thr««  of  these  ajv  ii 

same  plane,  the  horizontal  fJane  i 

figure,  aud  are  called  laleral  axes. 

are  equal  in  length,  and  bare  the 

relative  position  as  the  diagonals  of 

ular  bcxagou  (Fig.  o8).     The  common  length  of  the  six  I 

of  these  lateral  axes  we  shall  represent  bj  a.    The  foonh 

called  the  vtrttcal  axis,  is  at  riglit  angles  to  tbe  other  thie 

is  either  shorter  or  longer  than  their  ooi 

length.     Tlie  length  of  one  half  of  this  a: 

shall  reprcscut  by  b,  and  tbe  symbol  of  ih 

tern  of  axes  is  a  :  a  :  a  :  6.     Tbe   reUtii 

tween  a  and  A  is,  as  in  the  last  system,  irral 

Thus,  in  cry:?tals  of  antimony,  a  :  A  ^  1 : 1 

and  iu  crystals  of  carbonate  of  lime  (^cai 

:  4.854-3.     Here,  as  in  the  last  system,  tbe  ratio  i 
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n  crystals  of  the  same  substance,  but  differs  in  crystals  of 

at  Bubstances. 

'he  fourth  system  (Fig.  59)  is  called  the  Trimetric  Sffitem, 

nsists  of  three  axes,  all  at  right  angles  to  eaoh  other,  but 
uuequal  lengtli.      One   of  these 
selected  as  tlie  vertical  axis,  and 

ngth  of  one  half  of  this  axis  will 

resented  in  this  work  by  b.    Tlie 

■    of    the     two    lateral    axes     is 

the  brachy diagonal,  and  its  half- 
will  be  represented  by  a.  The 
is  called  the  makrodiagonal,  and 

f-leugth  will  be  represented  by  c. 

ymbol  of  this  system  of  axes  is 

c.    The    relation   between    a,  b, 

is  irratiouaL     In  crystals  of  sulphur,   a  :  b  :  c  =•  1  : 


nf.w- 


'he  fifth  system  CFig.  60)  is  called  the  Monodinic  System, 
nsists  of  three  unequal  axes.  The  two  lateral  axes  are  at 
angles  to  each  other.  The  third 
ailed  the  vertical  axis,  is  at  right 
to  one  of  the  lateral  axes,  but  is 
d  to  the  other.  The  lengtb  of  one 
r  the  vertical  axis  we  sliall  repre- 
,■  b.  Tlie  one  of  tlie  lateral  axes 
is  at  right  angles  to  the  vertical 
called  the  orthodiagonal,  and  its 
ngth  will  be  represented  by  a. 
tera!  axis  which  is  inclined  to  tlio 
il  axis  is  called  the  kliaodiagonat, 

s  half-length  will  bo  represented  by  c.  The  value  of  the 
angle  which  the  vertical  axis  b  makes  with  the  klinodiago- 
ffill  be  represented  by  a.  The  symliol  of  tliia  sjrstem  is  the 
1  :  A  :  c,  with  the  angle  «.  For  tlic  crystals  of  the  same 
lice,  the  ratio  between  a,  b,  and  c,  and  the  value  of  a,  are 
jit ;  but  tlicy  differ  in  crystals  of  different  substances.  In 
Is  of  sulphate  of  iron,  for  example,  aib:c^l:  1.495 : 1.179, 
-  =  75'  40',  while  in  crystals  of  gypsum  o :  t :  c  =  1 :  0.418 : 
,  and  a  =  81'  26'. 
The  sixth  system  (Fig.  61)  is  called  the  IViclinic  System, 
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and  consi^  of  three  unequal  axes,  vbich  are  all  inclmed  to  etdi 
other.  One  of  tliese  axes  is  selected  as  the  vortical  axis,  and  the 
half-leugtli  of  tliis  axis  will  be  represent- 
ed hy  b.  The  half-lengths  of  the  tvo 
lateral  axes  will  be  represented  by  o  and 
c.  The  angles  of  inclination  between  the 
axes  will  be  represented  as  follows :  — 

a  on  b  hj  y, 
a  on  c  by  ^, 
&  on  c  by  a- 

Tlie  symbol  of  this  system  is  tlie  rilio 
a:b:Cy  with  tlie  angles  a,  ^,  y.  In 
crystals  of  sulphate  of  copper,  o  :  i  :  r  = 
1  :  0.9738  :  1.7683,  and'  a  =  82°  21'.o,  ^  =  77**  3?.5,  y  = 
78°  10'.5.  Ill  crystals  of  bichromate  of  potash,  a  :  b  :  t  = 
1 :  0.988IJ :  1.794,  and  a  =  82%  ^  =  83°  47;,  ;-  =  89°  8'.5.       \ 

All  crystals  which  have  the  same  system  of  axes  are  said  to 
hfjlong  to  the  same  crystalline  system ;  and  hence  all  crystab 
may  be  classified  under  six  crystalline  systems,  corresponding  to 
Uio  systems  of  axes  just  described.  The  systems  of  crystals  have 
the  same  names  as  the  systems  of  axes. 

(83.)  Cevire  of  Crystal,  and  Parameters.  —  The  point  at 
which  the  axes  of  a  crystal  intcrBect  is  called  tlie  centre  of  tht 
crystal. 

If  wo  suppose  the  axes  of  a  crystal  indefinitely  produced,  it  n 
evident  that  each  of  its  planes,  if  also  produced,  must  intersect 
each  of  tlie  a.\es,  either  at  a  finite  or  at  an  infinite  distance  from 
its  coiitic.  The  distances  of  the  points  of  intersection  from  the 
centre  are  called  the  parameters  of  the 
jflancs.  Each  of  the  planes  of  the  crystal 
represented  iu  Fig.  62,  for  example,  would, 
if  produced,  intersect  the  three  axes  of  the 
nionomctric  system  at  distances  from  the 
centre  equal  to  a  :  3  a  :  3  n  respectively, 
a  rejirosenting,  as  stated  above,  the  length 
ng,  61  of  any  semi-axis.     These  lengths  are  thB 

parameters  of  each  plane  of  the  crystal. 
When  a  plane  is  parallel  to  a  given  axis,  it  may  be  regarded  b» 
interiHictuig  it  at  an  infinite  distance  from  the  centre,  and  henc» 
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eter  measured  on  this  axis  is  iuftntt^.     Tlie  faces  of  a 

example,  intersect  one  axis  of  tlie  □loiiometric  sys- 
e  distance  a  from  the  centre  (Fig. 

are  parallel  to  the  other  two. 
meters  of  each  face  are  therefore 
30  a.  So,  also,  each  of  the  faces 
odecakedron  (Fig.  64)  intersects 
e  axes  of  the  monometric  system 
stance  a  from  the  centre,  and  is 
0  the  third  axis.     Hence  the  pa- 

of  eacli  face  are  a  :  a  :  <x>  a. 
ilready  been  stated  that  the  crys- 
given  substance  liave  always  axes 
me  relative  lengths,  and  with  the 
itive  inclination.  It  is  also  true 
parameters  of  the  planes  of  any 
f  a  given  substance  are  always 
her  to  the  lengths  of  the  semi- 

hicli  they  are  measured,  or  else  to  some  simple  multi- 
bmultiplcs  of  these  lengths.     Hence  it  follows,  that  the 
's  of  any  plane  of  a  crystal  may  always  be  expressed 
■ly  in  terms  of  its  axes,  as  above, 
-yimilar  Axes.  —  In  any  system  of  axes,  one  axis  or  one 

is  said  to  be  simitar  to  another  axis  or  to  another  semi- 
n  the  tvo  have  the  same  length  and  the  same  incHna- 
ir  other  axes  or  semi-axes.    It  is  important  to  apply  this 

to  the  different  systems,  and  distinguish  the  similar 
nch. 
le  monometric  system,  all  the  axes  and  all  the  semi-axes 

»e  dimetric  system,  the  two  lateral'  axes  are  similar,  and 
)ur  halves  of  these  axes  are  similar.  The  two  halves  of 
al  axis  are  also  similar  to  each  other,  but  they  are  not 

the  halves  of  the  lateral  axes. 
ho  hexagonal  system,  the  three  lateral  axes  are  similar, 

six  halves  are  also  similar.  The  two  halves  of  tlie  ver- 
■  are  also  similar  to  each  other,  but  not  similar  to  the 

the  lateral  axes. 

he  triraetric  system,  all  three  axes  are  dissimilar,  hut  the 
;s  of  each  axis  are  similar  to  each  other.     By  referring 
11* 
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to  the  notation  given  in  the  prerions  sections,  it  will  be  seen  tint 
in  the  first  four  systems  similar  semi-axes  have  io  every  case  ben 
designated  by  the  same  letter,  and  that  the  dissimilar  semi-uet 
have  been  distinguished  by  different  letters. 

5.  In  the  monoclinic  system,  not  only  the  three  axes  are  ill 
dissimilar,  but  moreover  the  two  halves  of  the  same  axis  sre  not 
in  all  cases  similar  to  each  other.  The  two  halves  of  the  ortbo- 
diagonal  are  similar,  but  the  two  halves  of  the  klinodiagon&l,  il- 
though  they  have  the  same  length,  have  not  the  same  inclination 
to  any  one  half,  say  the  upper  half,  of  the  vertical  axis,  and  are 
tliercfore  dissimilar.  The  same  is  true  reciprocally  of  the  tm 
halves  of  the  vertical  axis.  In  order  to  distinguish  tlie  dissimiltr 
halves  of  these  axes,  we  will  accent  the  b  when  it  refers  to  the 
lower  half  of  the  vertical  axis,  and  also  accent  the  c  whw  it 
refers  to  the  half  of  the  klinodi  agonal,  which  is  inclined  to  A  it 
an  obtuse  angle.  The  notation  of  tlie  monoclinic  system  of  lies 
is,  then,  as  follows  :  — 

a  ^  eitlier  half  of  the  orthodiagonaL 

b  =  the  upper  half  of  the  vertical  axis. 

b'  ^  the  lower  half  of  the  vertical  axis. 

c  =  the  half  oftlieklinodiagonalwhidi 
is  inclined  to  ft  at  an  acute  ang^fr 

c'  =  tlie  halfoftlieklinodiagonal  which 
is  inclined  to  6  at  an  obtose 
angle. 

a  =  angle  of  b  on  c. 
It  is  evident  that  the  angle  of  i  on  e 

is  equal  to  the  angle  of  b'  on  c',  beii^ 
vertical  angles ;  and  hence,  that  b  and  c  together  are  similar  la 
position  to  b'  and  c'  together. 

0.  Ill  ihe  triclinic  system,  all  the  Bemi-ax(!s  are  dtsGimilar,  anil 
the  two  halves  of  each  axis  may  be  distinguisUed  by  accentuation, 
as  in  the  monoclinic  system. 

(85.)  Similar  Planrs. —  Similar  planes  are  those  vrkose  parawf 
elcrs,  measured  on  similar  semi-axes,  are  eqyal.  There  is  no  difi- 
culty  I  :i  distinguishing  similar  planes,  by  means  of  this  deHniUon, 
in  any  except  the  last  two  s3-stoms  of  axes,  since  in  all  the  other 
systems  those  planes  are  similar  which  in  the  notation  hen 
adopted  have  eijual  parameters,  and  none  others. 

Ill  tlio  monoclinic  and  triclinic  systems,  however,  two  plauea 
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ir,  not  only  when  tliey  Imve  equal  parameters,  but 
the  parameters,  measured  on  the  dissimilar  halvca  of 
axes,  are  in  both  cases  oppositely  accented.  For  cx- 
the  monoclinic  system,  two  planes  are  similar  whose 
s  are  a  :  2b  :  c,  and  a  :  2  b' :  c'.  In  the  two  symbols, 
lalves  of  the  dissimilar  axes  are  oppositely  accented, 
ler  hand,  two  planes  whose  parameters  are  a  :  2  b  :  c, 
b  :  e',  are  not  similar. 

riclinic  system,  since  tlie  six  semi-axes  are  all  dissirai- 
>  planes  are  similar,  unless  the  three  parameters  of  the 
11  accented  oppositely  to  the  tlu-ee  parameters  of  tlie 
lus,  two  planes  are  Eimilar  whose  parametci-s  are 
,  and  a'  :  b'  :  2  c',  respectively. 
Hohhedral  Crystalline  Form.  — 
ral  crystalline  form  is  the  union 
possible  similar  planes  which  can 
?d  around  a  g^ven  system  of  axes. 
form  of  Fig.  66  is  the  union  of  all 
le  planes  having  the  parameters 
,  which  can  be  arranged  round 
nctric  system  of  axes.      So  also 

of   Fig.   67  is  the   union  of  all 
le  planes  having  the  parameters 

;  ft,  which  can  l>e  arranged  round 
■onal  system  of  axes.  Both  of 
lierefore  liolohedral  forms. 
.  not,  however,  be  inferred  from 
iples  that  a  crystalline  form  is  al- 
stal,  and  that  it  always  encloses 
le  word  form  is  used  in  crystal- 
n  the  technical  sense,  as  defined 

form  may  consist  of  only  two  plani 
OS  of  the  hexagonal   prism  (Fig.  68) 
italline  form,  because  tJiey  are  all  the 
)lanes,   having   the   parameters    od  a  : 

:  b,  which  can  t>e  arranged  round  the 

system  of  axes.     In  like  manner,  the 

on  the  convex  surface  of  the  prism, 

the    planes    having   the   parameters 

- :  <Kb,  which  can  be  arranged  round 


Thus,  tlie  two 


rig- 68. 
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the  some  system  of  axes,  form  aiiotlicr  holohedral  cryetalliM 
form.  lu  neither  ease  does  the  form  enclose  space.  It  require) 
the  combination  of  the  tvo  forme  to  complote  the  crystal.  In  the 
triclinic  system  no  crystalline  form  can  consist  of  more  than  tra 
plane!) ;  and  hence  the  combination  of  at  least  three  crystallise 
forms  is  required  in  this  system  to  complete  a  crystal. 

The  parameters  of  one  of  the  planes  are  used  as  the  eycaixA  of 
the  holohedral  crystalline  form.  Thus,  the  parameters  priuted 
belon'  the  Figs.  66  and  67  not  only  denote  the  position  of  each 
plane  of  the  form  with  reference  to  tlie  axes,  but  they  arc  aim 
used  as  the  symbol  of  the  form  itself.  When  a  crystal  conasti 
of  two  or  more  crystalline  forms,  like  the  one  represented  in 
Fig,  68,  we  use  as  the  symbol  of  the  crystal  the  several  symbok 
of  the  crystalline  forms  of  which  it  consists,  written  one  after 
the  other,  or  one  beneath  tlie  otiier,  aa  convenience  may  dictala 
Examples  of  these  symbols  may  be  seen  beneath  the  tiguree  d 
crystals  on  this  and  tlie  few  following  pages. 

(87.)  Hemihedral  Crystalline  Form.  —  A  hemihedral  crystd- 
line  form  is  the  union  of  one  half  of  the  possible  similar  pltMi, 
■which  can  be  arranged  round  a  given  system  of  axes.  The  form 
represented  in  Fig.  69  is  tlie  union  of  all  the  possible  planes  hki- 
ing  the  parameters  a  :  a  :  a,  which  can  bo  arranged  round  the 


Fi(.  «. 


monoraetric  system  of  axes,  and  is  therefore  &  holohedral  iota. 
The  form  of  Fig.  70  is  the  union  of  one  half  of  the  planes  hav- 
ing the  same  parameters,  and  arranged  round  the  same  system 
of  axes.  It  is,  therefore,  a  hemihedral  form.  This  form  is  called 
the  tetrahedron,  and  it  may  he  regarded  as  derived  from  the  0<k 
taliedron,  by  suppressing  every  other  plane  of  this  form  andpn^ 
ducing  the  rest.  Hence,  it  is  frequently  called  the  hcmihednL 
form  of  the  octahedron.     The  form  of  Fig.  70  is  obtained  by  i»o- 
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one  aet  of  the  alternate  planes  of  the  octahedron  of  Fig.  69. 
,  we  suppress  this  sot  of  planes,  and  produce  the  otiier  set 
iltemate  planes  of  the  octaliedron,  we  shall  obbun  a  second 
dron  ;  differing,  however,  from  the  first  only  in  relative 
1.  This  form  is  said  to  be  the  negative  of  the  first.  We 
the  symbol  of  a  liemihedral  fomi,  the  symbol  of  the  cor- 
iiug  holohedral  form,  preceded  by  the  fraction  j,  and  we 
uish  between  the  two  bemiiiedrol  forms  of  wliich  tlie 
Iral  form  may  be  supposed  to  consist,  byjneaus  of  the 
ilus  and  minus,  as  shown  by  the  fymbols  bciieuth  Figs. 
:  71. 

.  Telartohedral  Crystalline  Forms. — A  teiartokedral  cri/s- 
form  is  the  union  of  one  gvarter  of  the  possible  similar 
vjhich  ca»  be  arranged  round  a  given  system  of  axes. 
irms  are  met  with  among  crystals,  but  they  an:  of  cnmpar- 
rare  occurrence.  They  are  designated  by  writing  tlie 
1  J  before  tlie  symbol  of  the  coiresponding  holohedral 

)  Simple  and  Compound  Crystals.  —  A  crystal  is  said  to 
pie,  when  it  is  bounded  by  the  planes  of  one  crystalline 
ily ;  and  to  be  compound,  when  it  is  bounded  by  the  planes 
ral  crystalline  forms.     Thus,  tlie  crystals  represented  by 


2,  73,  and  74  are  simple,  because  in  each  case  all  the 
which  bound  the  crystal  have  the  same  parameters.  On 
ler  hand,  the  crystals  represented  by  Figs.  75,  76,  and  77 
impound  crystals,  because  there  are  two  or  more  sets  of 
on  each  crystal,  of  which  the  planes  Iiave  different  param- 
The  faces  of  the  crystals  are  lettered,  and  below  each 
1  the  parameters  of  each  set  of  planes  are  given  opposite  to 
)rresponding  lettering. 
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tn  the  faces  of  the  dominant  form  are  so  mucli  deTelopod 
pve  their  general  aspect  to  the  crystal,  it  is  nsiial  to  do- 
the  CTfstal  as  having  Uie  domii^t  form  modified  fajr  the 
i|t^'  BBCMidary  forms.  For  eflnple,  Hie  crystal  repre- 
■h>:ng.  78  Would  be  described  as  a  cube  modified  by  au 
Hmaud  the  cry^Uil  of  Fig.  80  as  an  octaliedron  modified 
■Iti :  Ib  Fig.  78,  tlie  solid  onglos  of  the  cube  have  been 
ffnf  planes  of  an  octahedron,  and  in  Fig.  80  the  solid  au- 

ihe  octahedron  liavc  been  replaced  by  planes  of  a  cube. 
)  Definitums.  —  A  crystalline  form  may  modify  another 
stent  ways,  and  several  technica!  terms  are  used  in  de- 
5  these  modifications,  which  it  is  important  to  understand. 
icalion.  —  Wlieu  tiic  edge  of  a  crystal  is  I'cplaced  by  a  plane 
-  inclined  to  tlie  adjacent  faces,  and  forming  with  tliem 
1  edges,  the  edge  is  said  to  bo  truncated.     In  like  manner, 

angle  is  said  to  bo  triincatud  when  it  is  replaced  by  a 
iqually  inclined  to  the  similai-  adjacent  faces.     Figs.  81, 
rig.  83. 


mjiee  of  truncation  of  edges,  and  Figs.  78,  79,  80 
I  of  truncation  of  solid  angles. 
—If  an  edge  is  replaced  by  two 
U  in  Pig.  84,  each  of  which  is  in- 
to tlie  adjacent  face  at  tlie  same  angle, 
ucb  form  with  tln^sc  faces  parallel  in- 
ions,  the  edge  is  said  to  be  bevelled. 
ilar  edges  arc  those  formed  by  the  in- 
iaa  of  two  planes  which  arc  similar 
10  each.      Similar   solid  angles   are 
lornied  by  the  union  of  three  or  moro 
which  arc  similar  each  to  each. 
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The  modifications  on  crystals  follow  one  of  two  simple  laws:- 

1.  All  the  similar  parts  of  a  crystal  are  simultaneously  an- 
similar  It/  modified.  ^ 

2.  Half  the  similar  pahs  of  a  crystal  are  simultaneously  an 
similarly  modified  independently  of  the  other  half 

It  sometimes,  although  more  rarely,  happens,  that  onlyo: 
quarter  of  the  similar  parts  of  a  crystal  are  sunultaueously  ai 
similarly  modified. 

The  modifying  planes  which  are  distributed  on  the  edges  ai 
solid  angles  of  the  dominant  form  in  accordance  with  the  fir 
law,  are  the  planes  of  holohedral  forms  ;  those  which  are  distrii 
uted  in  accordance  witli  the  second  law,  are  tlie  planes  of  hemi 
hedral  forms. 

(92.)  Forms  of  Crystals  belonging  to  the  various  Systems,— 
We  shall  only  be  able,  in  this  place,  to  give  figures  of  the  inos 
important  forms  in  each  system,  and  must  refer  the  studeut  t( 
the  special  works  upon  Matliematical  Crystallography,  for  i 
full  development  of  the  subject.  As  it  is  difficult  for  unpractised 
persons  to  obtain  a  perfect  conception  of  solids  from  projectious, 
the  student  is  advised  to  prepare  models  of  the  more  important 
forms.  These  can  be  readily  made  with  the  outlines  of  crystal 
forms  which  are  given  in  several  German  works  on  Crystallogra- 
pliy,  and  which  liave  in  several  cases  been  published  separately.* 
Crystal  models  of  wood  or  of  porcelain  can  be  obtained  from 
dealers  in  philosophical  instruments ;  but  by  far  the  most  in- 
structive models  are  made  with  glass  faces  fastened  together  with 
strips  of  colored  paper  pasted  on  the  edges.  Each  set  of  similai 
edges  is  distinguished  by  its  special  color,  and  the  axes 
catod  by  colored  strings  within  the  model.  The  mode 
position  of  compound  forms  may  be  beautifully  illut 
making  the  dominant  form  of  card,  and  then,  outsidO' 
and  enclosing  it,  the  secondary  form  of  glass. 

MoN'OMETRic  System. 

The  simple  holohedral  forms  of  the  monometric  system  ar 
seven  in  number,  and  are  named  as  follows,  the  numbers  abovi 
the  figures  corresponding  to  the  numbers  before  the  names. 


*  Krvstallformennetze  rnm  Anfertijren  von  KrvRtallmodeUen,  von  Dr.  Adolf  Kem 
gott.     Wien,  1856.     To  be  procured  from  B.  Westcrraann  &  Co.  of  New  York. 
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Smple  Bolohedral  Fornu. 


m^ 


t :  a.  Octahrdnm.  Solid  bonnded  b 

i-.ma.     Tri|;roDal  criakiFocUhedron. 
ma;  ma.  Telnfronal  tn4ki»ocCahedron. 
ma:  no.   HeiakiiKM^talK'dron. 
»  :  o  a.     KhomMc  dodecahedron. 
■  a  :  9  a.  Tetnkti-heiuhedron. 
o  (mbe). 
12 


4x8  isosceles  triu^lca. 


184  CHEMICAL  PHYSICS. 

Three  of  these  forms  —  the  octahedron,  a:a:  a,  the  dod 
dron,  a:a  :  oo  a,  and  the  hexahedron,  a  :  cca  :  coa  —  have 
riable  parameters,  and  therefore  do  not  admit  of  any  vai 
in  the  relative  position  of  tlieir  planes.  They  are  freqi 
called  the  fundamental  forms  of  the  system.  The  parai 
of  the  remaining  four  forms  are  variable,  and  the  exact  (x 
of  their  planes  depends  on  the  values  given  to  m  and  n, 
are  always  very  simple  rational  numbera.  The. relation  be 
the  forms  can  easily  bo  seen  from  the  disposition  of  the  ci 
in  the  above  figures.  For  example,  in  the  trigonal  triakis-o 
dron,  when  the  value  of  m  is  unity,  tlie  solid  angle  o  disap 
and  the  form  becomes  au  octaliodron.  As  we  give  to  m  larg 
larger  values,  the  angle  o  becomes  more  and  more  prom: 
and,  finally,  when  m  sss  oo,  tlie  two  planes,  meeting  at  the 
d,  coincide,  and  the  form  becomes  the  dodecaliedron. 
may,  therefore,  be  an  infinite  number  of  trigonal  triakis-o 
drons,  vaiying  between  the  two  limits  of  the  octahedron  c 
one  side,  and  the  dodecahedron  on  the  other.  By  dra>> 
series  of  these  forms  with  gradually  increasing  values  of  - 
relation  can  easily  be  made  evident  to  the  eye.  In  like  ms 
the  tetragonal  triakis-octahedron  is  an  intermediate  form  be 
the  octahedron  and  the  cube,  and  within  these  two  liniits 
may  be  an  infinite  number  of  forms  with  different  values 
In  fact,  however,  only  a  very  few  of  the  possible  variei 
either  of  these  forms  have  been  found  in  nature,  the  mo: 
qucnt  occurring  values  of  wi  being  f,  2,  f,  and  3. 

Again,  the  tetrakis-hexahedron  is  a  variable  form,  interm 
between  the  dodecahedron  and  the  cube.  When  w  =  1,  tl; 
of  faces  meeting  at  m  coincide,  and  we  have  the  dodecah^ 
As  the  value  of  m  increases,  the  solid  angle  at  A  becomes 
and  more  obtuse,  until,  when  pi  =  oo,  the  four  planes  meal 
A  coincide,  and  we  have  a  cube.  Finally,  the  hexakis-octal 
is  the  central  form  of  the  triangular  group.  It  can  easily  I 
tliat  it  is  intermediate  between  the  octahedron  and  the  te 
liexahedron,  between  the  cube  and  the  trigonal  triakis-octab 
and,  lastly,  between  the  dodecahedron  and  the  tetragonal  t 
octahedron.  To  trace  out  these  relations,  both  in  the  s^ 
and  the  forms,  is  left  for  an  exercise  to  the  student. 


THB  THBra'  BTATBS  OF  ICATTEB. 

Simple  Hemihedral  Forma, 
1.  Oblique  Hemihedral  FOrmt. 


here  are  two  gnmps  of  simple  hemihedral  forms  in  tlie  reg- 
■  ersteia.  The  opposite  planes  of  tlie  characteristic  forms 
tie  first  of  these  groups  are  hicliiied  to  eacli  other,  wliile 
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Uiom  of  the  second  are  parallel.  Hence  the  fonna  of  the  first 
group  have  been  called  oblique  kemihedral  forms ;  those  of  tl» 
second,  parallel  kemihedral  forms.  The  symbols  of  the  oUique 
hcmihcdrol  forms  are  formed  by  writing  ^  before  the  symbol  o( 
the  corrcsjioiiding  holohcdral  fonn  enclosed  in  pareutheses,  tboi: 
\{a:ma\r»a).  The  symbols  of  the  parallel  hemihedral  rorm> 
are  formed  by  writing  ^  before  the  symbol  of  the  correspondiug 
holiiluHli-al  form  enclosed  in  brackets,  tlms :  \  [a  :  m  a  :  n  n]. 

Tliu  oblique  homiliedral  forms  of  tlio  monometric  Eystcm, 
whuOi  lire  f^orcn  in  number,  are  represented  in  Fig.  86.  Each 
t)f  these  forms  has  a  Jioldhedral  form  corresponding  1o  it  in  peti- 
tion in  Fig.  8u.     They  are  named  aa  follows :  — 


(-*('■; 


TMrahrdron.  4  Mjoibteml  tiimgta. 

1«n^ta\  iriakii-temhetlroD.  S  x  4  qnadribTcnli. 

Trigonal  triafcii-ttinhedRin.  8X4  iaoMcIn  lri»o|b 

IIpx*kU4etnliedron.  S  X  4  Braleae        " 

DiHlmhcdron.  11  riiomh*. 

Tvmkii-hcxahrdron.  4x6  triui^M. 

lEfxahnlroD  (cabe).  <l  fqnini. 


■  The  modi 
tab  ud  roil  b. 


br  which  the  tetrahedron  is  derived  from  the  oo- 

already  been   explained.     In  Fig.  87,  tlie  pUnW 

of  the  octahedron  which  arc  suppressed  an 

"X  "^  shaded,  and  those  which  are  extended  are  left 

^■^^  light.     By  comparing  tliis  figure  with  tlie  fig- 

^^B         \^         ure  of  the  hexakis-octahedron   (Fig.  88),  in 

^^^^^^m^       wliich  the  parts  corresponding  in  position  to flie 

\^  ^^^^         shaded  parts  of  the  octalicdron  have  also  been 

\^^  shaded,  and  the  reverse,  it  will  bo  seen  tliati 

j,.i  a  group  of  six  planes  con-esponds  in  poation, 

^^  ^  on  this  form,  to  a  single  plane  on  the  oct*l* 

dron.     If,  now,  we  extend  tJie  parts  ou  tlui 

form  corrcsjionding  to  the  parts  which  mit 

oxtcndod  on  the  octahedron,  that  is,  eveij 

other  sot  of  fix  planes,  those  left  light  in  tlie 

fipuro.we  shall  obtain  the  lioxakis-tctrahedroo, 

a  form  which  bears  the  same  relation  to  the 

tetrahedron  that  the  hexakis-octahedron  doe* 

to  the  octahedron. 

In  like  manner,  if  wo  apply  the  same  principle  to  the  trigonil 

triakis-oetahedroii  and  to  the  tetragonal  trialcis-octahedroD,exteiid- 
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lese  cases  erery  other  set  of  three  j^nes,  and  suppressing 
nate  sets,  ire  shall  obtain  tlie  tetragonal  triakis-tetrahe- 
d  the  trigonal  triakis-tetrahedrou.  It  will  be  noticed, 
,  that  the  trigonal  triakis-octahedron  gives  the  tetragonal 
;trahedron,  and  the  reverse. 

g.  89,  the  portiona  of  the  cube  corresponding  in  position 
anes  of  the  octahedron  which  were  suppressed  are  sl^ed, 
m  bo  easily  seen,  that,  if  iboee  portions 
jbe  faces  which  are  not  shaded  are  ex- 
they  will  form  again  a  cube.  The  same 
]f  the  tetrakis-liexahedron,  as  may  be 
Fig.  90,  and  also  of  the  dodecahedron. 

words,  the  same  process  by  which  the 
ron  is  derived  from  the  octahedron,  ap- 
these  three  forms,  reproduces  these 
^iu.  These  forms  are  at  once  both 
al  and  oblique  hemihedral  forms,  and 
refore  a  place  in  both  groups, 
•even  oblique  hemihedral  forms  bear 
relations  to  eacli  other  to  those  siis- 
>y  tlie  holohedral  foiTiis,  wliicli  have 
;ady  fully  explained.  The  tetrahedron, 
cahedron,  and  the  culw  are  invariable 
Tlic  rest  admit  of  limited  variation  in  the  position  of 
cf,  depending  on  the  values  of  their  parameters.  Tims, 
gonal  triakifr tetrahedron  is  an  intermediate  form  between 
hedron  and  the  dodecahedron,  admitting  of  every  possible 
I  between  these  two  limits.  So  also  the  trigonal  triakis- 
ron  is  an  intermediate  fonn  hetweeu  the  tetrahedron  and 
,  and  the  licxakis-tetrahedron  an  intermediate  between  all 
IS  of  the  groups.  These  relations  can  easily  be  studied 
he  student,  both  by  means  of  the  symbols  and  also  by 
f  the  figures  of  the  forms. 

^ponding  to  each  of  the  hemihedral  forms  of  Fig.  86, 
an  inverse  form,  wliich  would  be  generated  by  extending 
mate  planes,  or  sets  of  planes,  which  were  supftressed 

The  negative  forms  differ  from  the  corrci^ponding  posi- 
ns  only  in  their  position.     In  any  case,  if  the  negative 
.urned  round  on  its  vertical  axis  one  quarter  of  a  rcvolu- 
riU  coincide  with  the  positive  form. 
12" 


CHEMICAL   PHTSICS. 
2.  Parallel  MsmiAtdnd  Forms. 


T))0  parallol  licmihcdml  forms  of  tlie  monometric  system  : 
W  gi'iionitPil  Itj-  cxiciuliiig  alternate  pairs  of  pl&nes  of  the  liexi 
<K<tnl)0(1n)u,  or  tlie  portions  of  planes  wliicli  correspond  to  these  { 
oil  the  other  forms.    Iii  Fig.  92,  tlio  planes  of  the  hexakis-oct 
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a:ma  :na. 


hich  are  suppressed  in  tliis  process,  are         ^91 
aiid  those  to  be  extended  left  light.     The 
•n  of  the  latter  sot  of  planes  leads  to  the 
form  of  Fig.  91,  which  is  called  the  diakis- 
edron.     If,  now,  wo  extend  the  portions  of 
n  the  other  forms  which  correspond  to  the 
e   pairs  on   the  hexakis-octahedron  in  po- 
re shall  obtain  in  the  case  of  tlie  tetrakis-hexahedron  the 
nal  dodecahedron;  but  in  all  the  remaining  five  forms 
Mision  will  reproduce  the  original  form.     In  Figs.  93,  94, 

Ii0.M.  rig.  d5.  Fig.  96. 


<A^ 


%. 


axa  xma. 


a;-o :  OBO. 


o  :  00  a  :  00  a. 


the  portions  which  correspond  in  position  to  the  alter- 
irs  of  the  hexakis-octahedron,  on  the  octahedron,  the  two 
ctaliedrons,  the  dodecahedron,  and  the  cube,  are  left  light, 
can  easily  be  seen  that  the  extension  of  these  portions 
'oduce  the  original  form.  It  appears,  therefore,  that  the 
)cess  by  which  the  diakis-dodecahedron  is  derived  from  the 
octa.hedron,  and  the  pentagonal  dodecahedron  from  the 
hexahedron,  applied  to  the  other  five  simple  holohedral 
^produces  these  forms  again.  These  forms  are,  therefore, 
holohedral  and  parallel  hemihedi-al  forms,  and  have  a 

both  gioups.  It  will  also  be  noticed  that  the  rhombic 
edron  and  the  cube  belong  to  all  three  groups. 

not  necessary  to  enumerate  the  names  of  the  seven 
Torms  of  this  group,  since  they  are  the  same  as  those 
lolohedral  group,  with  the  exception  of  the  two  whose 
ave  just  been  given.  The  symbols  of  the  parallel  hemi- 
are  the  same  as  those  of  the  corresponding  oblique  hemi- 
,  with  the  exception  that  the  bracket  is  used  in  place  of 
nthesis.  The  forms  of  Fig.  91  are  all  positive,  but  a  cor- 
ing group  of  negative  forms  can  easily  be  constructed,  by 
ig  the  alternate  planes  or  portions  of  planes  which  were 
km!  before,  that  is,  those  which  are  shaded  hi  Figs.  92, 
95,  96. 
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The  relutioiis  botwocii  the  seven  parallel  hemiliedral  forms  ate 
similar,  in  all  resiiMxits,  to  tliosc  which  exist  between  tlie  forms  iu 
the  other  two  groups.  Tlio  octahedron,  the  rhombic  dodecalio- 
droii,  and  the  cube  are,  as  before,  invariable  forms.  The  remain- 
ing four  arc  variable  forms,  tlie  exact  position  of  the  planes  d«- 
])cndiii}r  on  the  values  of  the  ))aranieters.  Since,  after  tlio  details 
already  piven,  the  relations  of  these  forms  can  easily  be  traced  bj 
tlie  student,  \vc  need  not  dwell  upon  the  subject. 

Compound  Forms. 

It  is  only  the  forms  of  the  same  group  wliich  nro  Knu 
on  the  same  crystal.  For  example,  wo  find  the  culre  i 
rliombiu  dodecahedron,  wliich  are  common  to  the  threa  { 
combined  witli  any  one  of  tlio  other  simple  forms  of  tlio  EjTsta 
we  never  find  the  oetiihedron  eombined  with  the  liexiikis- 
di-ou,  nor  the  pcntugunul  doilecahedrun  combined  with  Ihol 
hedfoii.  In  order  to  become  familiar  with  tlic  compound  forms  of 
this  system,  tlie  Ito^t  method  is  to  (itudy  each  form  in  succession, 
and  coiiMider  liow  it  will  be  modified  by  each  of  the  other  forms 
uf  the  system,  when  it  is  the  dominmit  form  in  the  combination, 
AfVr  tlie  desoriptiuii  which  has  l>cen  given  of  the  simple  for 
tlie  system,  tlic  studi'iit  will  be  able,  witli  a  little  study,  to  ji 
cover  the  nature  of  the  modificationa  in  each  cose,  aud  b 
confirm  his  results  by  referring  to  tlio  figures  of  tlte  ( 
forms  given  in  the  hii^er  works  on  Crystallography.*  W«  1 
take  the  case  of  the  octahedron  as  an  illustration. 

The  cube  modifies  tlie  octahedron  liy  truncating  its  solid  angles. 
The  rhombic  dodectihedron  niodiiies  it  by  truncating  its  edges; 
the  telragoiKil  t riakis-octahedron   by  replacing  ita  soliid  I 
by  four  planes,  which  are  variously  inclined  on  tlio  facea  < 
uctuhedroti,  the  inclination  dejicnding  on  the  value  of  i 
1  ymlidl  of  the  nuidiiyingforni,  a:  ma:  mil.    Tlie  trigou&l  t 
oi'tahedron  bevels  the  edges  of  the  octahedrou,  the   ititi 
angl..'  bi,'twoeu  the  bevi^lling  jdanes  and  the  faces  of  the  0 
droii  dciKindiiig  on  the  value  of  vi  in  tlic  symbol  of  the  r 
firm,  n  :  a  I  m  a.     The  lioxitkis-iKitahedi'on  replaces  the  solid  a 
^l.'s  of  the  octuhednin  by  ei;i!it  planes,  whose  inclination  on  the 
f.ic-es  of  the  dominant  furni  d.))icnds  on  tlie  values  of  m  and  n  in 


;i'  tlie  [.lalw  ot  Xiiumann'i  "  Iji'lirbutli  ili;r  Krystuilo'.^niphic."     Lcijizig.   1S30. 
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ibol  of  tlie  modifying  form,  a:ma:na.  Finally,  tho 
liGxahedron  replaces  the  Bolid  angles  of  tlie  octahe- 
four  planes  inclined  on  tho  edges  of  the  dominant 
angles  which  depend  on  tho  value  of  m  in  the  symbol 

ire  below  several  figures  of  compound  crystals.  The 
which  are  also  added,  wiU  furnish  a  sufficient  descrip- 
le  forms. 


DUU'IMC   SiSIES. 
Simpie  OioAalral  Fonu. 


The  moflt  important  sintple  forms  of  the  dimetric  systen 
rijpntseiitod  in  Fig.  98,  mid  the  forms  liave  been  groiipod  so 
tho  reluttuii  between  tlietn  cau  be  easily  seen.    We  cau  studj 
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relation  to  tlic  bcHt  advantage,  by  commencing  with  Xo.  2,  wliicli 
is  called  the  square  octahedron,  and  whose  Bynibol  is  a  :  a  ;  b. 
Wlieii  the  length  of  the  scmi-asis  b  is  greater  than  that  of  a,  as 
is  tlic  case  in  crystals  of  sulphate  of  nickel,  where  a  :  b  = 
1:L906,  then  the  octahedron  is  acute,  lilie  \o.  3.  When, 
boisrar,  the  letigtli  of  the  semi-axis  b  is  less  tlian  tlmt  of  ti,  as 
it  j^k  eaae  in  crystals  of  acid  phosphate  of  potasRa,  where 
i^M^  1 :  0.664,  tlien  tlie  octahedron  is  ohtUK,  like  Xo.  2. 

tmoncunetric  Bystcm,  wc  can  have  only  one  octahedron  ; 
be  dimetric  system  the  same  substance  frequently  pro- 
vnl  octahedrons.  In  all  cases,  however,  if  we  reduce 
todnms  to  tlie  samo  base,  the  lengths  of  their  vertical 
ixtB'Vfll  bear  to  each  other  very  simple  and  rational  ratios. 
Thus,  for  example,  on  crystals  of  sulphate  of  nickel  we  find  octa- 
Wbhh,  where  the  ratio  of  the  two  scnii-nxcs  is  not  only  1 : 1.90li, 
^nf'i  0.953  and  1  :  0.63.5.  The  first  of  tiiCBO  octaliedrons 
n  selected  as  the  jtrinripal  form  of  this  snlii'tance,  hecunse 
wliicb  is  the  most  frequently  xoen,  and  whidi,  in  com- 
]  crystals,  is  generally  Uie  dominant  form.  To  the  plnncs 
B  form  we  give  the  symbol  a  :  a  :  b,  and  then  the  synibuls 
ilB  other  octahedrons  are  a  :  a  :  i  b,  and  a  :  a  :  i  b. 

t  substance  presents  several  octahcdi-ons,  wc  arc  guided 
kUoq  of  one  of  these  fur  tlio  jmnctpal  form  by  many 
Among thcf^e  maybe  mentioned  the  frequency 
of  occurrence,  the  predouihianue  of  the  planes  of  the  ditTci-cnt 
odihe^oiiB  on  compound  cry:r:ilK,  the  position  uf  the  jilancs  of 
feftad  the  crystalline  form  of  other  substances  which  are 
tin  composition  and  homwomorphous *  with  it.  The 
ii  is  in  uU  cases,  however,  more  or  less  arbitrnry,  niul  wc 
KbeCArcful  in  comparing  the  crystalline  frmits  of  dillcnMit 
s  to  kee[>  this  fact  in  view,  sincu  otherwise  we  might  lie 
I) 'Wroneous  conclusions. f 
]ag,  tlien,  in  the  case  of  a  given  substance  crystallizing  in 
|>  diiDAlric  system,  selected  o:io  octalicdron  as  the  jirinci[>nl 
I.  and  fivcn  to  it  the  symbol  a  :  a  :  b,  VQ  may  li:ivo  on  crys- 
tals of  this  aame  substance  an  infinite  number  of  other  ootalie- 
^roiis,  having  the  general  symlw)!  a  :  a  '.  mb,  wlierc  m  is  always 

•  Two  >alMtanr«*  »ro  liid  to  be  homopomoriiliouii,  whiT  thuy  nysialliw  in  fciniui 

1  !m  Dana'i  Syitcm  of  HinGnlogy,  Vol.  I.  p.  19a  nnd  fullowini;. 
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a  very  simple  ratioual  integer  or  Iraction.     Thiu  we  maj 
octaliedroiiB  whose  Ejmbolii  are 


2li, 

or 

a:a:lt 

Si, 

" 

a:a:ib 

ib. 

" 

a -.a -.lb. 

Aa  the  value  of  m  increases,  the  octahedrons  become  mor 
more  acute ;  and  finally,  when  m  s=  co,  the  octahedral  ] 
become  parallel  to  the  vertical  axis,  and  we  liave  the  e 
prism  wliose  symbol  is  a  :a  :  oo  6  (No.  4,  Fig.  98).  Tl 
may  regard  as  one  limit  of  the  series  of  octaliedrons.  0 
otlier  liand,  as  the  value  of  m  diminishes,  the  octahedroj 
come  more  and  more  obtuse  ;  and  finally,  when  m  =  o,  tlit 
hedral  planes  coincide  witli  the  basal  plane,  No.  1,  which  w 
regard  as  the  other  limit  of  the  series.  The  symbol  of  tlie 
plane  may  be  written  either  a  :  a  :  0  ft,  or,  as  is  more 
00  a :  00  a :  A,  which  is  obtained  from  the  first  by  multipljin) 
parameter  by  at>,  remembering  that  0  X  «  =1, 

It  will  be  noticed  tliat  neither  the  square  prism  nor  tlie 
plane  encloses  space,  and  therefore  neither  can  alone  com 
a  crystal.  The  two  combined  form  a  square  prism  witli  its 
plane,  which  is  therefore  a  compound  crystal. 

In  the  monometric  system,  the  axes  of  the  octahedron  i 
unite  the  vertices  of  the  opposite  solid  angles.  In  the  dii 
system,  also,  the  vertical  axis  always  unites  the  vertices  t 
two  solid  angles  forming  tlio  summits  of  the  octahedron,  bi 
lateral  axes  may  have  two  positions.  They  may  either  uni 
solid  angles  or  the  centres  of  opposite  basal  edges.  The  twi 
tions  which  these  axes  may  assume  are  represented  in  Fi{ 
100,  which  represent  sections  througli  the  base  of  the  oetahi 
We  may  thus  have  twt 
hedrons,  such  as  Nos. 
11,  of  different  dimei 
but  yet  having  axes 
are  perfectly  equal.  1 
ces  of  the  octahedron 
base  is  represented  b 
100  have  the  same  position  as  the  edges  of  tlie  octahedron 
base  is  represented  by  Fig.  99.  AVe  distinguish  the  twot 
drons  by  calling  the  one  represented  in  No.  3  the  direct  c 


Pig.  90. 
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and  the  one  represented  in  No.  11  the  inverse  octahedron. 
the  external  appearance  of  the  two  octahedrons  is  precisely 
me,  it  is  not  always  possible  to  determine  to  which  form  a 
crystal  belongs ;  and  this  fact  introduces  a  still  further 
Ity  in  determining  the  principal  form  of  a  substance, 
general  symbol  of  the  inverse  octahedron  is  a  :  oo  a  :  m  6, 
M  represents  any  simple  rational  integer  or  fraction.  Thus 
y  have  inverse  octahedrons  on  crystals  of  tlie  same  sub- 
,  whose  symbols  are 


a  :  ooa  :  b^ 

or 

a  :  coa  :  ^b. 

a  :  coa  :  2by 

(( 

a  :  coa  :  ib. 

a  :  CO  a  :  S  bj 

a 

a  :  CD  a  :  \  b. 

nit  of  this  series  of  octahedrons  on  onet.  side  is  a  square 
No.  12,  whose  symbol  is  a  :  co  a  :  co  b  ;  and  on  the  otlier 
e  basal  plane,  whose  symbol  is  a:  ooaiobj  or  co  a:  ooaib. 
reen  the  direct  octahedron,  No.  3,  and  its  corrcspondhig 

octahedron,  No.  11,  there  is  an  intermediate  form,  No.  7, 
may  be  called  the  dioctahcdron.  The  parameters  of  the 
f  this  form  are  a  :  ma  :  nb.  When  m  =  1  this  form 
is  the  direct  octahedron,  and  when  m  =  cx>  it  passes  into 
ersc  octahedron.  Again,  for  any  constant  value  of  w,  for 
ie,  m  =  2,  as  in  the  figure,  we  may  have  an  infinite  series 
tahedrons  with  different  values  of  n.  As  the  value  of  n 
es,  these  dioctahedrons  become  more  and  more  acute ;  and 
t  =  oo,  they  pass  into  the  octagonal  prism,  No.  8.  As  the 
>f  n  diminishCvS,  they  become  more  and  more  obtuse  ;  and 
I  =  0,  they  pass  into  the  basal  plane.  No.  5.  For  any 
alue  of  w,  for  example,  w  =  3,  we  msiy  have  a  similar 

and  hence  there  may  be  an  infinite  number  of  series  of 
ledrons  and  an  infinite  number  of  forms  in  each  series. 

Hemihedral  Simple  Forms. 

txtending  the  alternate  planes  of  the  square  octahedron, 
rahedrons  may  be  obtained  similar  to  the  two  tetrahedrons 
monometric  system,  but  differing  from  them  in  the  rela- 
ngth  of  their  vertical  axis.  Wo  may  evidently  have  a 
>f  either  positive  or  negative  tetrahedrons,  corresponding 
le  system  of  octahedrons,  and  varying  between  a  square 
on  one  side  and  the  basal  plane  on  the  other.     In  like 

13 


:.  li.-v  •.3-,rr;:;C-:>iI  wiihedrons  combine, the  iiiTeree  ocU- 
•.-'i.'.-.»; :■:  ;:••;  e-i^r<  of  tlie  d;^?1:t  octahedron, ap in  Fig. lOl, 
i!--o  j..",-';ii:s  til'?  l»-o  'r-asal  planes.  Fig.  102  represents  • 
ni'iii  of  tiie  iiri!i'.:f.al  ocialiedrou,  o,  with  an  octahedron 
■■iiif.  ':ia->f,  '<.  and  with  an  octahedron  of  the  second  class, 
>■/.  I'l-i  r'^jnirseni^  a  combination  of  the  fojuare  prism  of  the 
I'l,;'.  with  til';  ririiicipal  octahedron. o.  Fig.  104  repnisents 
ii.-itimi  (if  th'i  »jiiare  prism  of  the  second  class,  a,  with 
ii'ijiii]  I  ■>■  I  III  KM  Iron,  o,  ill  which  the  prism  is  the  dominant 
rii'.  10.',  riiiJi-tit^eiits  tlio  same  combination,  in  which  tUa 
roil  U  tin;  (Iimiinant  form,  with  the  addition  of  tlic  basal 
Till!  ri,iii{i(>>iiti»ii  of  tlie  two  rcmainiug  crystals  can  casih 
■  (inI,  fniiii  tin:  Kyiiiliols  below  tlie  figures. 
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Hexaoohai.  Stbtem. 
Simple  Solohedral  Formt. 


MT 


The  simple  forms  of  the  licsafronal  syetcm  are  closely  allied  to 
iWeof  the  dimctric  system,  Tlieyare  rcpreseiitod  in  Fig.  lOS, 
md  the  relation  between  them  is  indicated  by  the  arrangement  of 
Ae  forms  in  the  figure.  The  fundameutal  form  of  this  system  is 
«Ued  the  hexagonal  pyramid*  No.  3.  The  crystals  of  tlic  same 
FQlistaiice  may  present  a  number  of  these  licxagonal  jivramids,  but 
Te  always  find  that,  when  they  have  the  same  base,  the  lengths  of 
fteir  vertical  axes  stand  to  each  other  in  very  simple  ratios.     As 


*    Tbe  ttrm  pgnonul  it  not  used  here  io  ibe  geomcirical  m 
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in  the  dimetnc  system,  we  select  one  of  these  for  the  princip&l 
farm,  and  give  to  it  the  Eymbol  a  :  a  :  cc  a  :  b.  The  general 
STmbol  of  the  other  hexagonal  pyramids  of  the  same  subetance 
is  then  a:  a:  oo  a  :  m A,  in  which  m  is  always  some  very  simple 
integer  or  fracdon.  As  the  value  of  m  increases,  the  pyramid 
becomes  more  and  more  acute ;  and  wJieu  m  =  oo,  it  passes  into 
the  hexagonal  prism.  No.  5.  On  the  other  hand,  as  the  value  of 
m  diminishes,  the  pyramid  becomes  more  and  more  obtuse,  aud 
finally  passes  into  the  basal  plane,  No.  1  This  series  of  pyramids 
are  called  hexagonal  pi/ramids  of  the  first  order,  to  distingniah 
them  from  the  hexagional  pyramids  represented  in  the  lower 
row  of  forms  in  Fig.  108,  which  are  called  hexoffonal  pyramidt 
of  the  second  order. 

In  the  hexagonal  pyramids,  of  the  second  order,  the  lateral 
axes  unite  the  centres  of  edges,  as  in  Fig.  110,  while  in  tliose  of 
the  first  order  they  unite 
opposite  solid  angles,  is 
in  Fig.  1C9.  The  leugtis 
of  the  axes  in  the  two  % 
ures  are  the  same.  The 
intersection  of  one  of  ti» 
faces  of  the  pyramid  rf 
the  second  order  with  the 
basal  plane,  is  the  line 
E  E,  Fig.  110,  and  it  can  easily  be  seen  that  tliis  plane,  if  ex- 
tended, would  intersect  the  three  lateral  axes  at  distances  from 
the  centre  of  2  a,  a,  and  2  a  rcppectivcly.  The  symbol  of  the 
principal  pyramid  of  this  class  (Xp.  13  of  Fig.  lOS)  is  ihiJiMfjrt' 
2  a  :  a  :  '2  a  :  b,  and  the  general  symbol  of  odier  pyrumida  of  As 
second  class  2a:a:2a:mb,  where  m  is  always  some  nnw 
ratiunal  integer  or  fraction.  As  the  value  of  in  iiicreasQBjf 
diminishes,  tiiis  scries  of  pyramids  passes  through  tbe  Kam&Ap- 
rialioiis  of  form  as  lliose  of  the  first  ela^s.  The  two  limitottfr 
tlio  hcxiigonal  jirism,  where  m  ^  oo,  and  the  basal  ]>laue,  wbW 

It  will  bo  noticed  that  the  planes  of  the  hexagonal  pyramid  and 
prism  of  the  second  order  liave  the  same  position  as  the  edges  of 
the  corresponding  forms  of  Hie  first  order,  and  will  therefore 
tniiicatc  those  edges  when  the  two  forms  enter  into  combination. 

Intermediate  between  the  two  classes  of  hexagonal  pyramids 


rt.  log.  Fi;.  no. 
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Le  dihexE^nal  pyramids  (Fig.  111).  n«.m. 

form  is  bounded  by  twenty-four  sea- 
triangles,  and  the  eymljol  of  the  priii- 
form  of  the  class  is  ma:  a:pa:  b,\a 
I  M  and  p  are  eo  related  that  p  «>  ~^. 
1  ni  ^  1  then  p  =  m,  and  this  fonn 
B  into  the  hexagonal  pyramid  of  the 
order,  and  when  m  =  2  then  p  =  2, 
t  passes  into  the  hexagonal  pyramid  of 
econd  order.  The  general  symbol  of 
' dihcxagonal pyramids  lamaiaipa: 
where  n  is  any  ratiuiial  fraction  or  in- 

^'hen  n^  oc,  the  form  passes  into  tlie  dihcxagoiiol  prism, 
Oof  Fig.  108,  and  when  m^o,  it  posses  into  the  basal  plane, 
J  of  Fig.  108. 

Simple  Ilemihedrcl  Forms. 

ic  homihcdral  forms  of  this  system  occur  more  frequently  in 
re  than  the  holohcdral  forms,  and  therefore  demand  special 
tion.  The  most  important  of  them  are  represented  in  Fig. 
'see  next  page),  in  which  the  forms  have  been  grouped 
;  to  show  the  relations  between  them.  In  studying  these 
<,  we  will  commence  with  the  rliomboliedron,  Nos.  2, 8, 4  of 
115. 

•ombohedron. — The  rhombolicdron  is  bounded  by  six  equal 

imilar  rliombs.  .  Its  edges  are  of  two  kinds ;  —  first,  six  eini- 

Flff.  tia.  Fig.  lis. 


trnn'nid  edges,  marked  X  in  Fig.  112  ;  secondly,  tix  similar 
il  edges,  which  are  lettered  Z.  Tlie  solid  a;it;Ics  aro  al^o  of 
iinds;  —  first,  two  similar  verlical  solid  angles,  lettered  C, 
itiiig  of  three  equal  {»lane  angles ;  secondly,  six  lateral  solid 
13- 
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amef^t-  leuered  £,  vUeh  are  smHar  to  each  other,  bat  do  not 
eoriSst  of  «qaal  angies-     The  rertical  axis  of  the  rbombcliedrou 


FK.1U. 

connects  the  vortical  s«lid  angles.  Tlie  lateral  axes  connect  (be 
centres  of  opposite  C'lirop. 

TIk-  tnterfiicial  angles  formed  at  tho  terminal  edges  J  are  all 
equal  to  each  other.  This  angle  is  one  of  tho  most  important 
eharricters  of  the  rhonilnjliotlroii,  and  we  shall  call  it  the  rhomho- 
hf^'lfiil  aits'fe.  and  di^tingiiisli  it  by  tho  same  letter  which  we  liate 
uij.il  to  denote  the  eilgc.  AVhen  this  angle  is  acute,  the  rliombo- 
lifriimn  is  sjiid  to  In;  acute,  and  when  it  is  obtuse,  the  rhombolie- 
ilnm  is  said  to  he  obtuse. 

The  sections  of  tlie  rhomV>ohcdron  pa&sing  through  two  opposiu 
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terminal  edges  are  rhombs  wliicli  are  pcrpeiiiliciilm'  to  two  of  tlie 
faces  of  tlio  form.  Tlicro  ore  three  such  soctioiis  in  L-vcry  ilioiii- 
lioUcdron,  and  they  arc  called  principal  sections.  One  ul"  those, 
CE  C'U\  is  represented  in  Fig.  112. 

The  czTstala  of  a  given  BubBtanco  frctjnently  prcRont  a  number 
rfllmnhohedrona,' botli  ubtnse  and  acutu ;  hut ulien  these  rbom- 
liAa4wilM  Imve  the  sanio  lateral  axes,  their  vertical  axes  alwiiys 
1lHp|a  Oeh  other  a  very  simple  pro[>ortion.  One  of  these  rlioin- 
telw4l0Bij  vhich  is  selected  on  the  ^ame  gronnds  as  thoiiQ  already 
MiA  In  ocHUiection  with  tlie  dimetric  system,  h  tonned  the 
frincipal  rtioinbohedTon. 

TIio  principal  rktrmbobcfiron  may  lie  TCfcardifd  as  llnmed  from 
the  principal  bexafronal  pyramid, by  oxtpniiinsr  the alt'-rnate  i)laiies 
Hutu  they  cover'  the  rctt.  As  thei-e  arc  two  iiet!!  uf  alternate 
jilaoeti,  it  is  evident  that  we  can  obtain  by  this  method  two  rhom- 
i>ahedrous  which  are  perfectly  equal,  and  which  differ  from  eacli 
iiilior  only  in  position.  We  shall  call  tbcni  the  positive  and  negnr 
live  rhoiuboho<In>ns,  and  distinguish  them  by  wnting  the  signs 
jilm  and  nunua  before  tlie  symbols.  Tliese  Kymlmls  arc  given 
mgs.  112,  114,  and  it  will  Itc  seen  that  Uioy  are  formed 
Analogy  of  tlio  symbols  of  the  hemihedrul  forms  in  the 

system. 
OTOr;  hexagonal  pyramid  will  give  by  this  method  two 
Irons,  it  is  evident  that,  corros|ionding  to  the  series  of 
pyi-aiaids,  Fig.  108,  we  liavc  two  series  of  rlionilwhe- 
Tbe  general  symbols  of  these  two  classes  of  rhomboho- 
Ann  are 

-)-  J  (o  :  a  :  00  a  :  m  &),     and     ^  J  (o  :  «  :  oo  «  :  m  6). 

.Is  the  value  of  m  increascfi,  the  rhombohodroiis  become  more  and 
uuiK  acute,  and  filially,  when  »t  ^  oo,  tlicy  pass  into  the  hex- 
^unal  prism,  No.  5,  Fig,  ll:j.  On  the  otiier  hand,  as  the  value 
«fi»  diminishes,  the  rljonibohcdrons  become  more  and  more 
>^nsc,  and  when  »t  ^  o  they  pass  into  tlie  basal  plane.  No.  1, 
Fi|r.  llo. 

Of  llie  series  of  possible  rhombohedrons  with  any  given  values 
of  the  axes,^hero  are  several  which  stand  to  eaeh  other  in  an  im- 
portant relation.  Commencing  with  the  principal  jiositive  rlioni- 
Iwliedron,  -f-  J  (a :  a :  qd  a  :  6),  Xo.  3,  Fig.  11  j,  we  fuid  tliat  the 
planes  of  the  negative  rhombohedroii  —  J  (a :  a  :  »  a :  J  &),  No.  2, 


152 


\\xr9:  th^  suae  {Mrfokxi  m  s  ramnai  edges,  and  therefore 
Tnr.'taie  dif^ni  Tr5s  rr»a?>«:Qedpja  2§  called  die  Jirst  obtuse 
rk'rmho^,dr'ym,     A2-us«  tcve  fhxs  of  tike*  pootiTe  ibombohedron 

—  t  '  <s  :  a  :  t,  c  i  %  b^  trvaime  tbe  edees  of  the  first  obtuse 
rhr>ci^'jrjiif»firr>c.  &ad  is  is  calkd  tbe  Mteomd  obimse  rkomboke' 
dffm,  %zA  3o  on.  Oil  the  och<r  hand,  die  fi^es  of  the  principtl 
riM>DiMijMroa  troncaie  tike  edses  of  ibe  uegmtiie  riuHnbohedron 

—  \fa'.a':  x  a  :  2  6  k  Xo.  4.  vfaich  is  called  the  first  acute 
rlu/mhokdsdrom.  The  £]hces  of  the  first  acote  ihombohedron  tnin- 
cate  tk> 't'ls^  of  the  pontiTe  ihomhohednMi -{-|(a:a:  0Da:4(), 
viii^:h  Is  callrrd  the  stcamd  aemie  rkambokednmj  and  so  on. 

Tfie  rbombohedroQs  which  form  diis  series  are,  then,  as  fol- 
Iowa  : 

Third  obtuse  rfaombohedron,  —  |(a:a:  x  a  :  I  b)=  —  jA 

Second   "^  -  -f  J  (a  :  a  :  ac  a  :  J  6)=+ Jif. 

Rrst       "  ••  —  J(a:a  :  xa:  |6)=  — JiJ. 

Principal  rtiomboh*?«iron,  -{-  (  (a  :  a  :  oo  a  :  6)     =  +  -B- 

First  acute  rhombohedron,  —  i(aia  :  x  a  :  2  6)  =  —  2 it. 

Second  "  ^-  +  J  (a  :  a  :  x  a  :  4  6)  =+  4  A 

Third    "  ••  —  J  (a  :  a  :  x  a  :  8  6^=  — 81L 

And  in  this  series  each  riiombohedron  truncates  the  tenninal 
edges  of  the  one  which  follows  it.  In  crystals  of  the  mineral 
calcite,  almost  all  the  above  rhombohedrons  have  been  observed, 
and  a  large  number  of  others,  not  belonging  to  the  series,  but  in- 
t^;rmediate  l)etween  the  members  of  it.  The  general  appearance 
of  these  crystals  varies  from  almost  flat  plates,  where  the  te^ 
minal  angle  A'  =  160°  42',  to  sharp  needles,  where  tlie  angle 
X  =  60'  20'. 

As  the  regular  symbol  of  the  rhombohedron  is  inconveniently 
long,  we  frequently  abbreviate  it  in  practice,  and  write,  as  the 
symlK)l  of  the  principal  rhombohedrons  of  a  given  substance, 
zfc  R.  For  other  rhombohedrons  we  use  the  general  symbol 
db  m  R,m  which  m  is  the  same  quantity  as  the  »i  in  the  reg- 
ular sviiil)ol.  The  abbreviated  svmbols  of  the  series  of  acute  and 
obtuse  rliombohedrons  have  been  given  after  the  corresponding 
regular  symbols  in  the  above  table,  and  by  comparing  the  two  the 
use  of  the  abbreviation  can  be  easily  understood. 

intermediate  between  the  obtuse  and  acute  rhombohedrons 
there  is  a  possible  form,  where  X  =  90**.     This  is  the  case  when 
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:=  1  :  ^/^  .  The  rliorabofaedron  tben  becomes  the  cube, 
nay  therefore  be  regarded  as  a  form  of  the  faexagoiial 
111  like  manner,  all  the  other  simple  forms  of  the  mono. 
Tstem  may  be  regarded  as  fonns  of  tne  hexagooal  83rGtem, 
his  system  they  are  compound  forms.  In  consequence  of 
logy,  tbe.crystals  of  the  two  systems  frequently  resemble 
lier  very  closely,  especially  vhen  they  have  been  irregu- 
*med. 

■nohedron.  —  By  comparing  together  Figs.  116  and  117, 
h  the  similar  parte  have  been  similarly  lettered,  it  will  be 
at  in  the  posi- 
cupied  by  cHie 
1  the  hexagonal 
I  there  are  two 
on  tlie  dihex- 
pyramid  ;  and 
that   TO    must 

the    alternate 

planes  on  the 
:onal  pyramid, 
r  to  apply  to  it 

ne    inctliod     by  ■normpo:*.  ri:a:ii>a:» 

ie  obtained  the 

hedron  from  the  hexagonal  pyramid.     If,  then,  we  extend 

mate  pairs  of  planes  on  the  dihcxagonal  pyramid,  c< 

th  the  two  front  upper  planes  of  Fig.  116, 

1  obtain  the  form  represented  iu  Fig.  118, 

led  a  seal f  nohedron;  or,  by  extending  the 

■uppresscd  m  the  last  ca.se,  a  second  scale- 

m,  differing  from  the  first  only  in  position. 

*o  arc  distinguished,  like  tbo  rbomboh&- 

as  positive  and  negative  scalenohedrons. 

ilenohcdron,  whicli  is  derived  from  the 

U   dihexa^onal  pyramid,  will   be   called 

ncipal  scalenohedron,  and   its  symbol  is 

la  :  a  ipa  :  b').     The  general  symbol  of 

calenohedrons  is   ±{(^ma:a:pa:  nb). 

Falue  of  n  diminishes,  the  scalenohedron 

3  more  and  more  obttise,  and  finally,  when  n^o,  merges 


Fig.  118. 
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in  the  basal  plane.  On  the  other  hand,  with  increasing  valaet 
of  n,  the  scalenohedron  becomes  more  and  more  acute,  and  when 
«  =  on  mci^s  into  the  hexi^nal  prism. 

By  bringing  together  the  rhombohedron  and  the  scalenohedron, 
as  has  been  done  in  Fig.  119,  it  will  be  noticed  that  the  lateral 
edges  of  tho  two  forms  have  a  similar  position 
towards  the  axes,  so  that  for  every  scalenohe- 
dron there  must  be  a  rhombohedron  whose  lat- 
eral edges  coincide  with  the  lateral  edges  of  the 
other  form.     This  rliombohedron  is  called  the 
inscribed  rhombohedron  of  the  scalenohedron. 
The  scalenohedron  may  evidently  l>e  formed 
from  the  inscribed  rliomVioln^dron  by  prolong' 
iiig  the  vertical  axis,  and  tlicii  drawing  lines 
from  the  ends  of  the  vertical  axis  tlius  pro- 
duced to  the  lateral  solid  angles  of  the  rhom- 
bohedron.    It^  is  evident  that  wo  may  tliuj 
make  from  every  rhombohedron  an  infinite 
number  of  scaleuohedrons,  whoso  form  irill 
depend  upon  the  extent  to  wliich  the  vertiail 
axis  has  been  elongated.     We  find,  however, 
that  the  semi-vertical  axis  of  the  scalenolifr 
droii  is  always  sonic  simple  multiple  of  flial 
of  the  inscribed  rhombohedron.      Hence  we 
may  use,  as  the  abbreviated  symbol  of  tlie  scalenohedron,  the^ 
broviatod  symbol  of  tho  corresponding  inscriljcd  rhombohednd; 
with  an  exponent  indicating  how  many  times  its  semi-vertkal 
axis  is  greater  than  that  of  the  rhombohedron.     If,  as  in  Fig.  ll^^ 
tlie  inscribed  rhombohedron  is  the  principal  rhoml>ohedron, -^  J^ 
and  the  semi-vertical  axis  of  the  scalenohedron  is  three 
that  of  the  rhombohedron,  the  abbreviated  symlMil  of  the 
hedroii  is  -j-  R'.     The  general  symbol  for  any  scalenoh< 
±  wi  R",  in  which  ±  m  JJ  is  the  symbol  of  the  inscribed 
bohedron.     It  lias  already  been  stated,  that  the  number  of  tm 
possible  rhomlioliedrons  on  the  crystals  of  a  givpn  substance  is 
infinite,  and  it  now  appears  that  for  every  rhombohedron  tfaeie 
may  be  an  infinite  number  of  scalenohedrons  ;  so  that  the  num- 
ber of  possible  scalenohedrons  on  tho  crystals  of  a  given  sub- 
stance is  infinitely  greater  than  the  infinite  number  of  possible 
rhombohcdrons.     The  mineral  calcite  has  a  great  tendency  to 


Tf-  lU. 


THE  THBEE  STATES  OF  HATTER. 


155 


ize  ia  scaleuoliedrona  (d<^-tooth  crystals),  and  no  less 

drtj-^ight  rliombobedrons  and  serenty-six  scalenoliedrous 

!en  observed  among  tho  crystals  of  this  substance.* 

lea  the  two  liemihedral  forms  which  have  been  described, 

.re  two  other  hemibcdral  forms  in  tlio  hexagonal  eysteni, 

tnay  be  derived  from  tlio  dihcxagoual  pyramid. 

first  of  these  ia  obtained  by  extending  the  alternate  pairs 

,es,  united  at  a  lateral  edge,  A  E,  Fig.  120,  where  tlie  al- 

planes  are  distinguislied  by  the  sliud- 
Vs  we  extend  the  shaded  or  the  uii- 

planes  of  Fig.  120,  we  obtain  one 

otlier  of  two  hexagonal  pyramids, 
differ  from  eacli  other  and  from  tlis 
nal  pyramids  alroa<]y  described  only 

jxisition  of  the  axes.  The  lateral 
f  the  pyramids  thus  derived  do  not 
lie  opposite  solid  angles,  as  is  the  case 
.ramids  of  tlie  first  order  (Fig.  100) ; 
;  tlie  centres  of  opposite  edges,  as  is 
e  with  pyramids  of  the  second  oinler 
10)  ;  but  points  on  the  lateral  edges  intermediate  between 
tre  and  tlie  ends. 
second  of  these  liemihedral  forms  is  obtained  by  extcnd- 

alternate  pairs  of  planes  united  at  a  lateral  solid  angle, 


ng.ix>. 


I 


wn  by  the  shading  in  Fig.  121.  According  as  the  un- 
or  the  shaded  planes  are  extended,  Ve  obtain  the  two 
represented  in  Figs.  122, 123.     They  are  called  the  kex- 


THa^'s  Syitem  of  MiDcralogy,  VoL  II.  p.  137,  for  tiie  sjmboU  of  these  foniu. 
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agonal  trapezohedroms.  The  two  fonns  derived  from  the  tame 
dibexagonal  pvramid  difer  from  each  other,  uot  ouly  in  the  abso- 
lute pofiition  of  the  fortD,  bat  also  in  tlie  relative  position  of  tlieir 
ptaiies.  TheT  are  distiRguished  as  the  right  and  Ufl  trapezolie- 
drons,  and  tlicir  fvmbols  are  respectirelj 

r    ^(ma  :  a:  pa  :  n  fr),      aud      /    |  (m  a;  a:  pa  :  ttb). 

Telarto/udrai  Forms. 

Bj  extending  the  alternate  planes  of  the  right  liexagonal  tni- 
pezohcdron  (Fig.  1-1),  we  can  obtain  two  forms,  dilTcring  riom 
each  other  only  in  position,  whose  symbols  are 
i  r  i  (m  a  :  a  :  p  a  :  nb^  ; 
and,  in  like  manner,  from  the  left  hexagonal  trajfezohediou  Iffo 
other  forms  may  be  obtained,  whose  symbols  arc 

dt  /  I  (nt  a  :  a  :  />  a  :  «  fr). 
Each  of  these  four  forms  is  bounded  by  ax  i80.-<ec!es 
and   they  arc   tlicrcfore  called  trigonal  trapezohedrons. 
are  evidently  tctartoliedral  forms  of  the  dihexaf^oual  pyramid. 

Tlieso  to  tar  to)  led  rol  fonns  are  never  found  isolated  in  nature ; 
but  they  appear  very  frequently  on  crystals  of  quartz  in  combina- 
tion with  other  forms.  The  crystals  of  this  raiiieral  are  nsiiallr  i 
combination  of  a  hexagonal  prism  with  a  liexagonal  pyramid  of 
the  same  order  (Fig.  125),  and  the  trigonal  trapezoiiedrons  ap- 
pear as  modifying  planes  on  the  solid  angles,     lu  Fig.  124,  (lie 


L'ou  Iffo 


l;ili'riil  wiliil   aiifrlr^s  are  modified  by  tlie  planes  of  the  positive 
i'i){iit-lrigonal  trupezohcdrons,  end  in  Fig.  1^6,  by  tlte  planes  of 
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ire  left-ttigonal  trapezohedron.  The  two  RCgBtiTe.formB 
lodify  in  a  similar  wa^  Uie  set  of  soHd  angles,  which  are 
ified  in  the  figures. 

iflkreoce  of  form  between  the  right  and  left  trapezobe- 
found  to  be  acconapanled  with  remarkablo  difforcnces  of 
roperties,  which  will  he  explained  in  the  section  on  the 
polarization  of  light. 

*Compound  Forms. 
rystal  represented  hy  Fig.  127  is  a  combination  of  the 
il  prism  with  the  basal  plane,  the  symbols  of  which  are 
this  order  below  the  figure.    On  the  cryetal  represented  by 


I 
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there  are  evidcnt- 
ices  of  two  rhoui- 
is,  the  one  positive 
other  negative.  If 
le  that  the  faces  let- 
re  those  of  the  piiii- 
mbohedron,  R,  then 
lent  that  tlie  faces 
%.  are  those  of  the 
MB  rhombohodroa,  +i{o««:««i»«!»). 

(■■e  tliejr  tnincate  the  vertical  edges  of  the  rhomhoho- 
'"'Ab  the  planes  of  the  first  obtuse  rliombohedron  are 
Hp  than  those  of  the  principal  rliombohedron,  it  is  not 
IgiMent  from  the  figure  that  the  first  are  tnmcating 
Skd  on  a  model  this  fact  could  easily  bo  discovered,  by 
ibat  the  edges  formed  by  any  plane, '/,,  with  the  two 

planes,  r,  are  in  every  case  parallel  (91).     If,  in  Fig, 
issume  tliat  the  faces  r  are  those  of  the  principal  rhoin- 
.,  tlien  the  faces  '/,,  which  truncate  the  edges  of  the  prin- 
11 
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cipal  rliomliolieiiroa,  belong  to  the  fiist  obtose  rfaranbohednn, 
—  i  R.  and  the  faces  2  r  to  the  first  acate  rliombohedroa  — 2£; 
beeau^  (he  edges  of  this  form  are  tnuicaled  hy  the  faces  r  of  tiui 
principal  rboraU^tednx).  Rg.l^jO  represents  a  combination  ofthe  < 
priiiotpal  rbombohedroQ  viih  its  second  acute  riiooibohedron,  4  £. 
Fig.  lol  represents  the  combination  of  the  principal  rbomboUedron 
with  tbo  basal  plane.  It  idll  be  noticed  bow  closely  this  form  n- 
ecmbles  tlie  octaliedroii  of  the  mooometriu  srstem,  and  it,  in  f&cl, 
mcrgi;^  into  the  oct:ihedrun  when  the  angle  of  a  on  r  is  equ&l 

t«.m.  Htm.  ***  ^**^  ^'  ^^"'  *'''''=''  "  "" 

ca«e  when  the  axes  of  tlie 
rhombohodron  Arc  to  each  otli- 
cr  as  1 :  •Z.-Uii'j.  Il  will  1^ 
remembered  that  tho  cuIm 
may  be  regarded  as  a  riiom- 
bohedroD,  in  which  a  :  b  = 
1  :  1.2C47.  Hence  the  octa- 
hedron may  be  regarded  m 
the  first  acute  rhombohednn' 
of  the  cube  combined  with  tbt 
basal  plane.  The  compoand  form  of  Pig.  132  consists  of  i 
hexagonal  prism  of  tlic  first  order  combined  with  the  rhombo- 
hcdron  —  ^  R.  Finally,  Fig.  133  represents  a  combination  of 
a  !^calc^ohed^on,  R*,  with  the  rhombohcdrou  R. 
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Tlic  fundamental  form  of  this  system  is  the  rhombic  octahednm, 
so   called   because  the  three  principal  sections  made  by  planet 
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Bsing  through  the  axis  are  all  rhombs.*  This  fact  is  illustrated 
Kgs.  136, 136,  137,  which  represent  these  sections,  and  which 
ve  been  lettered  to  correspond  with  Pig.  134.  The  same  sub- 
uice  frequently  crystallizes  in  several  octahedrons.  In  such 
ses  we  select  one  of  these  as  the  principal  octahedron,  giving  to 
the  symbol  a  :  b  :  c^  and  we  then  find  that  the  parameters  of 
e  planes  of  the  other  octahedrons  always  stand  in  some  simple 
lation  to  those  of  the  one  thus  selected.  Besides  tlie  octahe- 
ons,  the  only  other  simple  forms  of  this  system  arc  rhombic 
isms  and  terminal  or  basal  planes.f  Tlie  relation  of  these 
rms  can  be  best  understood  by  studying  their  symbols. 
Having  giveii  to  the  principal  form  the  notation  a  :  &  :  c,  then 
te  other  octahedrons  which  the  ^  same  substance  can  present 
ill  be  expressed  by  the  following  symbols :  — 

1,  a  :  m  b  :  Cy  3.    m  a  :  6  :  c, 

2.  a  :  b  :  m  Cj  4.    m  a  :  b  :  nc, 

I  which  m  and  n  are  always  very  simple  rational  numbers.  The 
rst  three  of  these  symbols  may  evidently  be  regarded  as  partic- 
lar  cases  of  the  third. 

Tlie  number  of  possible  octahedrons  in  whicli  a  given  sul)- 
lance  may  crystallize  in  the  trimctric  system  is  evidently  infinite; 
►ut  the  number  which  have  in  any  case  been  observed  is  cx- 
remcly  limited,  including  only  a  few  of  the  possible  values  of 
I  and  n,  together  with  the  rhomljic  prisms  and  terminal  planes 
iiich  result  when  m  and  n  arc  made  equal  either  to  infinity  or 
?ro. 

If  in  No.  1  we  put  m  =  oo,  the  symbol  becomes  a  :  oo  6  :  c, 
liich  represents  a  rhombic  prism  whose  axis  is  the  axis  of  b.     If 

=  0,  the  symbol  becomes  a:o&:cs=ooa:&:ooc,  which  is 
e  symbol  of  the  basal  planes  of  the  same  prism.  If  in  No.  2 
*  put  «»  =  CO,  we  obtain  the  symbols  of  a  rhombic  prism  whose 
is  is  the  axis  of  c ;  and  if  we  put  771  =  o,  we  obtain  the  symbol 
bMal  plan^  of  the  same  prism.  So  also,  if  in  No.  3  we 
tqiul  to  infinity  and  zero,  we  obtaui  the  symbols  of  a 
prism  parallel  to  the  axis  of  a  and  of  its  basal  planes. 


'  A  teetiofi  of  A  ciystal  is  called  a  principal  section  when  it  contains  two  of  the  nxcti. 
'  Plaiiea  pUoed  at  the  endi  of  any  axis,  and  parallel  to  the  plane  of  the  other  two, 
;  caDed  terminal  planei.    Such  planes,  when  they  form  the  base  of  a  crystal,  ore 
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The  general  STmbol  Xo.  4  mar  be  put  iu  tiie  three  follovii 
i.  a  :  nb  :  mc,  2.  n a  :  m  b  i  c,  3.  nt  a  :  & 
If  in  \o.  1  wc  put  «  ^  oc,  we  obtain  a  ihombic  prism 
to  the  axis  of  ft,  whose  symbol  is  a  ;  oc  ft  :  m  c  ;  if  n  ^  . 
tain  the  basal  plane  of  tliis  prism.  If  in  No.  2  we  put 
we  obtmn  a  rhombic  prism  parallel  to  the  axis  of  a,  wh 
bol  is  ooa  :  fli6  :  c  ;  if  n  :=  0,  we  obtain  tlie  basal  ] 
this  prism.  If  iu  No.  3  we  put  »  =  oo,  we  obtiuD  a 
prism  parallel  to  the  axis  of  c,  whose  symbol  is  ma  :  b 
ft  ^  0,  we  obtuii  the  basal  planes  of  this  prism. 

Compound  Forms. 
We  give  below  several  figures  of  the  compound  form 
system,  and  beneath  each  the  symbols  of  the  simple 
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consists,  Opposite  to  the  letters  on  the  faces  of  the  crys- 
tli  the  aid  of  these  symbols,  the  studeut  will  easily  be 
see   the  relations  of  the  fonns  without  any  further  de- 

Hemihedral  Forms, 


uwt  important  bemihedral  form  of  this  system  is  the 
sphenoid,  Figs.  147, 148.  It  may  be  developed  by  ex- 
he  alternate  planes  of  the  rhombic  octahedron,  Fig.  146. 
tend  the  shaded  planes,  we  obtain  the  positive  sphenoid, 
;  and  if  we  extend  the  planes  which  arc  not  shaded,  the 
sphenoid,  Fig.  148.  The  rhombic  spliciiold  is  a  tetra- 
)rm,  and  is  bounded  by  four  scaleiic  triangles.  It  will 
nbered  that  the  two  tetrahedrons,  derived  from  the  octa- 
f  the  monometric  system,  differed  from  each  otlier  only 
on,  and  that,  by  turning  one  round  the  vertical  axis 
a  quarter  of  a  revolution,  the  two  would  coincide.  It  is 
with  the  two  sphenoids.  They  differ  from  each  other 
lative  position  of  their  planes,  and  by  turning  one  on  its 
muot  be  brought  into  a  position  in  which  it  will  coincide 
other.  The  two  forms  arc  related  to  each  other  as  the 
Hs  to  tlie  right  hand,  or  as  an  object  is  to  its  image  in  a 
Hence,  we  call  the  positive  a  riffht  form,  and  the  nego- 
flform.. 

TO  sphenoids  never  occur  in  nature  except  in  combination 
cr  forms,  and  the  presence  of  one  or  the  other  of  these 
14" 
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fonns  on  ti  crystal  is  aesociatcd  with  certain  remarkaklo  opticil 
pruperties.  By  neutralizing  a  Holntioii  of  racemic  acid,  lialf  witli 
Kod  I  nml  luilf  witli  aniinoiiia,  a  bibasic  salt  is  fonnod,  called  tk 

ruuemiit;^  (jf^uila  and  ammonia,  wliicli  can  bo  readily  crystallized 
by  uviijKir.ttiiig  tlie  solution.  Tlie  crystals  tlins  formed  are  of  two 
kind:;,  part  resembling  Fig.  149,  and  part  Fig.  150.     The  tvo 


kinds  of  crystals  rc^icmblo  each  other  in  their  general  i^>pw- 
anoe.  They  both  have  the  planes  of  tlie  vertical  rhombic  primi 
(t  and  i  s),  the  terminal  planes  (i  i  and  i  t),  the  basal  planet 
(o),  the  planes  of  two  prisms  parallel  to  tlio  bracbydiagonil 
(!  and  2  f)  ;  but  iti  addition  to  these,  there  appear  on  tbeM 
kind  of  crystals  (Fig.  140)  the  planes  of  the  positive  spbeomd, 
-)-  i,  aiid  on  tlic  second  kind  of  crystals  (Fig.  150)  those  of  tbe 
n^ative  cphcnoid,  —  J.  If,  now,  we  arrange  a  crystal  of  esch 
sort,  as  iti  tho  figures,  ^ritli  the  tormina!  planes  i  t  in  front,  it 
will  bo  seen  that  the  iip|)Ci'  sphenoid  plane  is  in  tlic  fir^t  figure  oa 
the  right,  and  in  tlie  second  on  the  left,  of  the  observer;  sothtt, 
if  we  place  one  form  liofiire  a  mirror,  the  image  will  have  ei- 
actly  the  second  form.  l;i  these  two  forms  there  are  present  two 
varieties  of  tartaric  acid,  into  which  the  r.icmic  acid  di- 
vides in  the  process  iif  crystidlization.  In  the  crystals  of  Pig- 
149,  the  two  bases  iiro  united  with  a  variety  of  tartaric  awit 
which  has  the  jxiwer  of  rotating  tho  plane  of  polarization  of » 
ray  of  light  to  the  right ;  and  in  Fig.  loO,  with  a  variety  of  ta> 
taric  acid  roseinbliug  the  other  in  all  its  chemical  rolalious,  bat 
differing  i:i  its  crystalline  form,  and  rotating  the  plane  of  polari- 
zatioii  to  the  left. 

The  sphenoid  i^i  tlie  only  hemihedral  form  iu  this  rystem  whi<:h 
encloses  space,  and  which  thcrcrore  could  alone  form  a  crystal. 
Other  hemihedral  forms  have  been  observed,  but  tlicy  never  ip- 
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:cept  in  combinations  modifying  one  half  of  tlie  similar 
r  solid  angles  of  tiie  dominant  form,  and  they  can  tlioro- 
easily  recognized. 


MoNocLiTJic  System. 

Simple  Forms . 

0  nrfBtem,  as  has  l>eon  already  stated,  no  unglo 
(mt  |bnn  turn  aldose  space ;  and  hence  we  have  no  simple 
:  Kg.  161  represents  an  octahedron  bclon^png  to  this 
;;;1^  tbil  is  not  a  simple  crystal, 
\-^  li  boonded  by  faces  of  two  kinds. 
mffpHax  faces  B  AC,  B  A'  C, 
\  wuA  Bf  A'  C  are  not  similar  to 
VB  BA  C,  B  A'  C\  B'  A  C,  and 
',  and  therefore  belong  to  a  different 
The  first  set  of  faces,  if  extended, 
evidently  form  a  rhombic  prism ; 
c  second  set  of  faces,  if  extended, 
also  form  a  rhconbic  prism  dilTcring 
lie  first.  Those  two  prisms  may 
ropriately  termed  kemi-octahedrons ; 
order  to  distinguish  them,  we  shall '  name  the  one  whose 
are  over  tlie  acuta  angle  a.  Fig.  151,  the  positive  hemi- 
Iroa,  and  the  other  the  negative  hemi-octa/iedron.  This 
tioii  is  necessary,  because  it  frequently  happens  that  one  of 

lemi-oc til hcd pons  is  present  on  a     

witliout  the  other,  or  at  least  that 
es  of  one  arc  far  more  dominant 
lose  of  the  otlicr. 
riling  the  notation  of  Pig.  l.">2,  al- 
L'scriljcd  (8,j),  the  symbol  of  the 
?  be  mi -octahedron  is  a  :  fr  :  r,  or 
c'.  Tlie  first  symbol  consists  of 
■ametcrs  of  the  two  upper  right- 
lanes  of  (lie  form,  Fig.  161,  and  the 
of  those  of  the  two  lower  left-hand  "*'  "* 

;  eitlicr  symbol  may  be  used  at  pleasure.  The  symbol  of  the 
'e  hemi-octahedron  is  a  :  b  :  c',  or  a  :  b'  :  c  ;  the  first  being 
-ameters  of  the  two  upper  left-hand  jilanes,  and  the  second 
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those  of  the  two  lover  righl^-hand  planes.  Either  rymlwl,  as  be- 
fore, may  be  used  as  the  symbol  of  the  form,  bat  for  the  sake  of 
uniformity  we  shall  use  in  both  cases  t)ic  first  of  the  two  symbols. 
The  symbols  of  the  two  liemi-octahcdrons,  of  wliicli  the  octa- 
hedron of  this  system  consists,  ore,  then, 

a  :  b  :  c,  and  a  :  b  :  if  ; 

but  it  must  be  remembered  that  these  symbols  include  not  only 
the  planes  whose  parameters  they  actually  express,  but  also  the 
planes  which  hare  tlie  same  parameters  oppositely  acceated. 

In  tliis  system,  as  has  been  already  stated  (fiiJ-S-J),  not  only 
the  relative  length  of  the  axes  may  vary,  but,  moreover,  t}ie  augb 
of  inclination  of  \Ue  vertical  axis  b  to  the  klinodiagonal  c  varies 
also.  When,  however,  the  crystals  of  the  same  substance  pre- 
sent i^lancs  of  several  pairs  of  hemi-octahedrous,  wc  always  find 
tliat,  altliough  the  relative  lengtlis  of  the  axes  of  these  fonns 
may  differ,  yet  the  angle  of  ineltnatioQ,  a,  is  the  same  in  oU. 
We  select  in  t!iis  s^ystem,  as  in  the  last  three,  one  pair  of  tiiesc 
hemi-octahedrons  as  tlic  principal  form,  and  give  to  it  the  gjiii- 
bols  aib:c  and  a  :  b  :  r.'.  The  general  symbol  of  other  Iiemi- 
octahedrons  of  t'lc  same  sulistance  is,  then, 

m  a  :  v,b  :  pc,         or         tna  -.nb  :  pc' 
tlie  quantities  tn,  n,  and  p  being  always  simplo  rational  i 
or  fractions,  and  one  of  them  being  always  unity. 

The  forms  which  are  most  frequently  met  with  in  this  ) 
are  those  which  result  when  either  m  =  oo,  n  ==  :jc,  or  ^3 
or  when  m  =  o,  n  =  o,  or  p  i=  0,  in  the  general  symbols, 

III  making  m  ^  ao,  nnd/j  =  1,  the  general  symbols  become 
ma  '.ixb  :  c,  and  nt  a :  oo  ^' :  &.'  .Since  the  dissimilar  semi-osea 
are  oppositely  accented  in  the  two  symbols,  they  are  both  equiva- 
hiiit  pymhols  of  the  same  obliqm  rhombic  prisms  parallel  to  the 
axis  b.  When,  also,  ra^i,  wo  o'>tain  the  symbol  of  the  principal 
of  these  obliqne  prisms,  a  :  (x>b  :  r.. 

In  making  jn  ^  co  and  ;»  =  i,  in   the   general  i 
o'rtain  the  two  symljols  ca  a  :  n  b  :  c,  and  oa  a;  nb  :  ^,\ 
tymbols  arc  not  equiialc:it,  and  each  represents  two  c^pi 
parallel  planes,  which  are  also  parallel  to  the  ortliodiiq 
The  two  pianos  represented  by  the  first  symbol  are  orerth' 

»  Smcc  h  nnd  !i'  arc  lialvpa  of  the  sBme  Btraighl  line,  iha  poramnen  oe  h 
arc  in  ull  re«p«i'U  equivalent,  and  may  Ihercfore  be  labilhaled  for  each  other. 
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uiglo  a,  uid  ore  therefore  narrower  than  the  two  planes  reprc- 
wnted  by  the  second  symbol,  which  are  over  the  obtuse  aiiglo 
180°  —  a.  The  two  sots  of  planes  evidently  bear  the  same  rela- 
^u  to  each  other  as  the  two  homl-octahedronH,  and  may  therefore 
be  called  the  positive  and  negative  ortliodiagonal  hemi-prismi. 
yfhea  »  =  I,  the  two  symbols  become  ocn  :  b:  c,  and  oaa:  b :  c'. 
Rnally,  if  we  put  p^  az,  and  m=i,  in  the  general  symbols, 
ve  obtain  a  :  ni  :  oo  c  in  both  cases,  which  is  tfie  symbol  of 
borlzontal  rhombic  prisms  parallel  to  Ihc  klinodiagonal,  called 
the  klinodia;ronat  jirismi.     Wlien'  b  =  i,  the  syrabol   becomes 

("iibsti  til  ting  m  =  0,  and  multiplying  all  the  parameters  by  co, 
the  general  symbols  become  in  both  cases  a  :  cofr  :  ccc,  which  is 
(he  symbol  of  a  form  consisting  of  two  terminal  planes  parallel 
to  the  planes  of  the  axes  b  and  c.  In  like  maimer,  if  we  put 
»=  0,  or  7?  ^  0,  wc  obtain  the  symbols  of  terminal  planes  pai"- 
aOel  to  the  planes  of  the  axes  a,  c  or  a,b  i-cspectively. 


Compound  Forms, 
ni.i6t. 


Fig.  15S  represents  the  combinatiott  of  the  principal  obliquo 
Htombic  prism,  with  its  basal  planes.     Fig.  154  represents  the 
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same  combiuation,  witli  tbe  addiUon  of  two  termiual  plaues  at  the 
eud  of  the  orthodiagonal.     Fig.  155  represeiit«  the  same  combiua- 


tion, with   tlie  addition  of  two  planes  at  tiie  end  of  the  klino- 

diagonal.     Fig.  166  represents  still  tbe  san:i'?  com Iji nation,  inti> 

tlie  addition  of  tlio  two  planeuf 

tbe  negative  orlliodi agonal  hfU- 

prism.      Fig.  157  rcprescuto  QfC 

same   combinulion   as    Fig.  1S4. 

with   tlie    adilitioii    of    the    tvt> 

planes  of  the  positive  orthodiif^ 

nal  bomi-prisiii.     Fig.  158  It.^ 

oZ"jT:l:'^t,  same  combin:ition    as    Pig.  lv< 

'  ="■■'■:='(.  will,  the  addition  of  the  posltiTe 

priucipitl  bcmi-octahedron.     Fig.  159  is  also  the  same  coiuUiiiii- 
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the  addition  of  tlio  negative  hemi-octalicdron.  Fig. 
e  same  combination  as  Fig.  1S4,  with  tlic  iicgative 
ledroii.  Fig.  161  is  the  same  with  both  henii-octaho- 
ig.  162  represents  the  same  combination  as  Fig.  153, 
idditlon  of  the  four  pianos  of  tlio  priGut  parallel  to  tlie 
ual.  Fig.  163  is  tlic  same  combination  as  Fig.  lUO,  ex- 
tlie  planes  of  tho  negative  liemi-octahedron  arc  more 
and  the  basal  planes  do  not  appear.  Lastly,  Fig.  164 
a  combination  of  all  the  forma  which  have  appeared 
nous  figures  of  this  system. 


Hemihedral  Forms. 

liliedral  forms  of  this  system  only  appear  as  mudirying 
he  edges  or  solid  angles  of  the  bolubedral  forms,  and 
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be  distinguished,  because  they  modify  only  one  half  of 
■  edges  or  solid  angles  of  the  form.  Fig,  165  represents 
id  form,  in  which  ordinary  tartaric  acid  frequently  crys- 
[t  is  a  combination  of  an  oldiqne  rhombic  prism  t  with 
lal  planes  ii  and  the  two  hcmi-prisms  -j-t  and  — i. 
n^stals  there  arc  four  soliil  angles,  c,  which  are  evi- 
ilar,  and  wc  tiliould  tlicrcfure  expect  that  tliey  would 
<e  bo   similarly  modified.     V,\\i  on   tlie  crystal  of  the 

tartaric  acid  which  rotates  the  ]tlane  of  polarization 
>  the  right,  we  find  only  tiio  two  front  planes,  us  on 
and  on  the  crystals  of  tlic  variety  of  tartaric  acid  which 

|ilane  of  polarization  of  liyht  to  the  loft,  only  two 
!s,  as  on  Fig.  167.  Tliese  two  forms  are  evidently  re- 
ach other  in  the  same  way  as  tiic  two  forms  of  Figs. 
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149,  mo,  aud  cannot  bo  made  to  coiacido  b;  any  change  ol 
position. 

Sucli  hemibedral  modifications  occur  chiefly  on  crystals  of  sub- 
stances  wbich  have  tlie  power  of  rotating  tlie  plane  of  polariza- 
tion of  light.  Common  cane-sugar  has  this  property,  and  ou  it^ 
crystals  we  find  tlio  two  back  planes  of  the  kliuodiagonal  prism, 
without  the  correspond  iiig  front  planes.  Fig.  168  represents  tbe 
common  form  of  the  crystals  of  tliis  substance.     They  have  all 


the  planes  of  Fig.  169,  with  the  addition  of  tbe  planes  of  the  pos- 
iUve  liomi-prism  -\-  (^x  a  :  b  :  c'),  and  the  two  back  plaucs  of 
tlio  kliuodiagonal  prism  a:  b  :  (x>c. 


Tricunic  System. 

In   tlio   triclinic  system,  a  simple  form  consists  of  oul/  tvo 
ojipin-iti'  puralUl  planes.     These  planes  may  have  any  posilion 
towiinln   the   tbroo   axes,  and  these  axes  may  have   any  incli- 
nation towards  each  other,  and  any  relative 
lengths.     In  all  crystals  of  tlie  saiue  sub- 
stance. howcTer,  tlie  axes  have  always  tbe 
same  relative  length,  aiid   are  inclined  W 
ciicli  otlier  at  the  same  angles.    Moreover,  of 
tho  iwssible  positions  in  which  the  two  paral- 
lel  pliiiies  of  a  simple  form  may  be  placed 
towards  tlie  axes,  only  a  very  few  are  ei"er 
oli>erved ;  the  most  frequently  seen  are  thoee 
in  whivb  tbe  pUnes  are  parallel  either  t«  one 
"*  '■"  nr  to  two  of  tbe  ases, 

Fij:.  no  ri'pres<>nis  «u  oetahedrou  belonging  to  tliis  system, 
and  formed  by  uniting  the  ends  of  the  axes  by  planes.     It  is  coin- 
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'four  simple  forms :  first,  tbe  form  consisting  of  the  plane 

.nd  its  opposite,  wliicli  has  the  symbol  a :  b  :  c,  or  a' :  b' :  c' ; 

',  the  form  consisting  of  the  plane  ABC  and  its  oppo- 

ich  has  tlie  symbol  a  :  b  :  e',  or  a'  :  1/  :  c;  thirdly,  the 

iisisting  of  tlie  ]>laiie  A  B'  C  and  its  opposite,  which  has 

bol  o  :  fr*  :  f,  or  a'  :  b  :  c' ;  fourtlily,  tiie  form  consisting 

)lane  A  B'  C'  and  its  opposite, 

las  tlie   symbol  a  :  b'  :  c',  or    I 

■.     Fig.  171  represents   an  ol»- 

ism  beloi^;ii^  to  this  system,  in    | 

le  KKes  have  the  same  position 

^.  170.      It    is   composed    of 

nu:  first,  the  form  consisting 

lane  ABCD  aud  its  opposite, 

lis  the   symbol   a  :  cd  b  :  c,  or 

:  & ;  secondly,  the  form  consisting  of  the  ^laue  AA'  BB' 
opposite,  wliich  has  tlie  symbol  o  :  c»  6 :  c',  or  o' :  oo  f  :  c ; 
tlie  form  consisting  of  the  plane 
?  and  its  opposite,  which  lias  Uie 

»  o  :  6  :  OD  c,  or  00  n' :  &' :  oo  c'. 
owcvcr,  tlie  relative  lengths  and 
idiis  of  thoaxes  in  this  system 
>ij  any  possible  values,  it  is  evi- 
it  wc  may  suppose  the  axes  of 
i()ue  prism  fo  nnitc  the  centres 
>ite  planes,  as  in  Fig.  172,  or  in 
have  any  otiicr  position  whatso- 
Indccd,  the  position  of  the  axes 
crystals  of  any  given  substance 
rreat  nieasui-e  arbitrary,  and  we 
uch  a  position  in  every  case  as 
der  the  symbols  of  the  observed 
if  the  substance  as  simple  as 
.  J"ig.  1T3  represents  a  crystal 
lato  of,  copper,  and  the  symbols 
he  figure  indicate  the  position  'iZr°*»:t 

pair  of  parallel  faces    towards  o=»o-V-«i 

e  lines  which  have  been  assumed 

axes  of  the  crystals   of   this   substance.     The   relative 
of  these  axes  are  a  :  b  :  c  =  1:  0.974  :  1.768    and  tlie 
15 
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tiiil^^   'A   iiidiiiiiiio:.  iTi    •  =  sir   21'.   fi  =  TT'  C 
7:;-  1'/. 

f  ;,»■';.>  Irrf^vi/tritir^t  of  Crytleh. — The  cryaalliiii 
wlii<:)i  V:  liavc  stii'Jied  in  the  l^-l  sevMioa.  hare  been  |>>r 
n:fi»htr.  N<rt  oi.lr  t!ie  similar  »ngi«s  Lave  been  equiil. 
liii;  fiiiiilar  &c;m  and  t!i :  olher  similar  dimensioiis  of  tlie 
liavf.'  lM^;ri  ill  like  manner  e<|ual.  Sui-b.  lioTeTcr,  is  Tcr 
tliv  cum;  witli  tlie  crjittals  wliicli  vc  fiii<]  in  natiue  w  for 
lalxiruloi-l'^  ;  tii(l<,-et],  tliis  jtcrrL-ctiuii  and  eqnalitj  ire  » 
iii'iii,  tliat  Uu;  Fipmn  wliich  we  Iiare  studied  can  hardlv 
uUi'iT^-A  rHlivrtlian  as  ideal.  Crystals  are  Ter7geneiaIIy< 
and  <jru;ii  tiuiia  rorins  arc  so  much  diEguised,  that  an  iitt 
niilinrity  willi  the  iNiHxihic  irregularities  is  required  in 
uiiriLvtil  thitir  oinjilcxitios. 

('ryitUiU  lire  rarely  terminated  on  all  sides,  one  or  mo 
r«i!i!K  liiiiiiK  olilibtrated  wlicra  the  crystal  is  imjilaiitec 
mck,  or  whitr.;  it  U  merged  in  other  crystals,  J-V-queii 
HiiHKi  (if  till]  fmsijH  liiivo  been  dispi-oportioi lately  develojwi 
niiirh  Ml  iiM  to  elmiigo  entirely  the  general  aspect  of  tho 
hnt  in  nil  mirli  ciiwis  tiio  relative  diixictions  of  the  faci 
■toiiKtitnt,  iiikI  wu  euti  iilwiiyN  easily  construct  the  ideal  foi 
n<>rr(Hi[H)n(U  to  tho  imimrri'ct  crystal,  by  projecting  it  < 
unit  phicinir  nil  the  Mintihir  faces  at  equal  distances 
oiniVrj  of  tiiu  erystal,  taking  care  lo  preserve  their  re 
rmrttou. 

A  few  osmnploH  will  give  an  idea  of  tho  nature  and  ■ 
tlioN)  irregularitieH. 

Tho  cominon  form  of  alum  is  the  octahedron  of  tl 
metric  systoin,  mid  we  sonietimes  find  perfect  octahedroi 
the  minute  erystals  wliich  have  lieo 
fively  in  ihe  midst  of  a  sohition  of 
as,  for  exanipK'.  at  the  end  of  a  th 
)>eniled  in  the  liiiuid.  The  cryst 
form  itirainst  the  sides  of  a  vessel  a 
mon,>  or  less  united  with  each  othc 
only  a  few  of  ihoir  faees.  and  somet 
p.»rtions  of  thest>  faeos.  are  free. 
repn'Kenl.i  n  jrroup  of  alnm  orystals,  sneh  as  i,"  fouu 
lni>ti>  \;ils  in  wliit'h   Ihe   salt   i$  i-rA-^iallizod.  and  will 
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if  t'le  mode  in  wliicli  the  individuQl  crystals  are  grouped 


i  small  and  perfect  crystal  of  alum  is  placed  ou  the  bottom 

<.'ssvl  filled  with  a  saturated  solution  of  this  Biibstaiico,  the 

I  will   gradually  enlarge,  and  in   a 

ir  manner,  on  all  sides  except  ou  tliat 

licli  it  reslii.     Pig,  170  represents  a 

1  which  has  been  thus  formed ;  the 

(1  face,  m  n  p  q  r  s,   being   the   one 

rested  on  the  Iwltom  of  tlie  vessel, 
t  will  be  noticed  that  tlie  form  is  pre- 

the  same  as  would  be  obtained  by 
ing  from  tiic  regular  octahedron  a 
larallul  to  one  of  its  faces. 
(|iiently  the  growth   of  the   crystal, 

such  circiimiitanccs,  is  much  greater 
lorizoutal  direction  than  it  is  in  the 
ion    perpendicular   to    the   face    on 

it  rests ;  and  the  ciystal  then  prc- 

aii  appearance  similar  to  Fig.  177, 
(icli  the  two  faces  which  wore  hori- 

iii  the  solution  hare  tlie  same  form. 

Eometimes  meet  with  octahedrons  belonging  to  the  mor.o- 
j  FTstcm,  which  have  the  form  of  Fig.  17S.     Four  of  the 
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faces  of  tliis  octalicdroii  liave 
been  abnormally  developed,  and 
BO  much  EC  that  wc  might  even 
uiLstake  the  system  to  which 
the  crystal  belongs  ;  but  on 
measuring  the  interfacial  au- 
glcs,  we  should  fiud  that  thcj- 
wero  all  equal  to  109°  2S', 
which  is  tlie  angle  of  the  octa- 
hedron. 

Fig.  179  represents  a  compound  form,  already  described,  cmi- 
Eisting  of  an  octaliedron  and  a  cube,  a  form  in  which  the  sul- 
phide of  lead,  galena,  frequently  -crystallizes.  Wo  sometimes, 
also,  find  crystals  of  tliis  miu- 
eral,  having  the  form  reprer 
sentcd  in  Fig.  180,  which  we 
might  mistake  for  a  form  of 
the  dimetric  system.  It  ii, 
however,  the  same  form  u 
that  of  Fig.  179,  only  almiff- 
mally  developed  in  tlie  direo- 
tioti  of  one  of  the  axes,  u 
could  easily  be  proved  by 
measuring  the  interfacial  angle 
letwccn  any  two  faces,  o,  which  would  be  found  in  every  caa: 
to  he  109" '28'. 

The  common  form  of  quartz  is  a  liosagonal  prism,  terminated 
by  a  hexagonal  (lyraiuid.  The  interfacial  angle  between  any  two 
consecutive  prismatic  faces  is  120° ;  that  between  any  two  con* 
secntivc  jiyramidal  faces,  133°  40'.     Fig.  181  represents  a  perfect 
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of  this  form  ;  but  it  is  very  rarely  tliat  wo  find  crystals 
set,  iiuIesB  they  are  very  minute.  Oiio  or  more  of  the 
re  usually  abnormally  developed,  and  forms  like  those 
itcd  by  Figs.  182,  183,  184  are  the  results.  Here,  as  in 
;r  case,  it  Tonid  bo  found,  on  measuring  the  interfacial 
that  tlioy  are  the  same  as  tliose  betveeu  the  faces  of  the 

form. 

e  oblique  system,  the  irregiilnr  development  of  faces'  pro- 

•scn  greater  cJiangcs  in  tlie  general  aspect  of  the  crystal 

lose  which   have  Ijcen 

.     Figs.  185  and   186 

it  two  crystals  of  fcl- 

longing  to  the  mono- 

fstcm,  wliich  have  cx- 

c  same  faces,  but  very 

tly  developed, 

of  the  difiiculties  in  tlie 

if  crysliils   arise  from 

distortions  to  those 
have  ijecn  described, 
■equiros  practice  to  Iks 

unravel  tlio  eomplcx- 

liicli   tlicy  present.      This  practice  is  best  acquired  by 
g  actual  specimens  whose  form  is  known,  and  comparing 
ith  the  perfect  models  of  the  same  forms. 
Groups  of  Crystals.  —  We  frequently  find  two  or  more 

united  in  such  a  way  as  to  produce  a  sjnimetrical  com- 
1.  These  collections  of  crystals,  when  consisting  of  only 
lividuals,  are  called  twin  crystals.  Tliey  have  regular 
nd  the  same  perfection  of  outline  and  angles  as  simple 
,  for  which  they  might  sometimes  be  mistaken  by  un- 
d  observerB.  There  is,  however,  a  simple  criterion  by 
they  can  be  generally  distinguished.  Simple  crystals 
Ave  re-entering  angles ;  so  that,  whenever  such  angles 
bare  must  be  present  on  the  specimen  two  or  more  indi- 
lyrtals. 

UB7  represents  a  twin  crystal,  consisting  of  portions  of 
l&edrons  united  at  the  plane  mnp  q,  which  is  parallel 
itahedral  face.  It  may  )>e  formed  from  the  regular  octa* 
(Pig.  188),  by  cutting  it  into  two  equal  parts  by  tlie 
15  • 


ni.iat. 


I1(.1M. 
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Fig.  IBS. 


plane  m  np  tj  r  s,  and 
then  rcTolving  one  half 
on  the  axis  uniting  tlie 
centres  of  the  two  oc- 
tahedral faces  tlirougli 
an  angle  of  GO"  or  ISC', 
and  then  uniting  tJic 
two  halves  again  by 
t!ie  siirfaces  at  which 
they  were  separated. 
Fig.  189  represents  a  conunon  form  of  the  crystals  of  gypsum 

(sulphate  of  lime).    It  consists,  as  0:o  re-entering  angle  shows, 

of  parts  of  two  crystals,  and  may  he 

formed  hy  cutting  a  complete  crystal 

(Fig.  IDO)  into  two  eqnal  parts  by  the 

plane  p  ij  r  m  n  o,  and  revolving  one 

iialf  of  the  crystal  tlirough  an  angle 

of  185°,  on  on  axis  at  right  angles  to 

tlic  plane  of  section,  and  then  again 

iniiting  the  two  halves.      Twin   crys- 
tals like  these   are  called  herttUropes. 

Wg   may  suppose   that   such   crystals         n,  md  ik-iM 

were  formed  fi-om  two  nuclei,  which 

became  originally  united,  one  being  in  an  inverted  position  u 

regards  tlie  other,  and  that  one  grew  only  in  one  direction,  and 

tlie  other  in  tlie  opposite  direction. 

In  the  trimet- 
ric  system,  cruci- 
form crystals,  liko 

I^mSS^SHBI     I^^SSI^B'^sI  ^^''^  common. 

The   crystals  rep- 
resented   in    tin   \ 
figures  condtt,  ii 
each  case,  of  four 
simple  crystals.     For  a  fuller   development  of  this  subject,  w 
refer  the  student  to  Dana's  "System  of  Mineralogy,"  Vol-!, 
p.  127. 

(9.').)  Deletminatioa  of  Crystals.  —  I.i  order  to  detcrmiue  t 
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crystal,  it  is  eseDtial  to  ascertain  two  points :  first,  tlie  crystal- 
line xybtcm  to  wliich  it  boloiiga,  and,  if  not  of  the  luonomctric 
system,  the  relatiTe  IcngtliB  &iid  inclinations  of  the  axes ;  sec- 
ondly, the  simple  forms  of  irliielt  it  consists. 

W'lien  tlie  crystal  has  been  regularly  formed,  a  simple  in- 
spection is  geiicrally  siifficieiit  to  determine  the  crystalline  sys- 
tem lo  whidi  it  belongs  ;  but  vlien,  as  is  most  generally  tlio 
case,  tlie  crystal  is  more  or  Icfs  distorted  hy  t!ie  enlai-goment 
of  a  portion  of  the  planes  at  the  expense  of  others,  iho  deter- 
mination of  the  crystalline  ryftem  is  fre(|iicntly  very  diflicnlt, 
la  i^tudying  out  the  cryst:il!inc  system  in  nu-h  cases,  it  is,  firs.t 
ofall,  im[x>rtant  to  distingnitli  the  different  m?Is  of  similar  jilanus, 
each  of  which  constitutes  a  simple  furui.  Tin  following  indica- 
tiaiisgive  important  aid  in  this  respect. 
;i^ 'Similar  pUnee  are  alike  in  lustre,  liardnprs,  ftria?,  whiit- 
«^  nay  be  the  variations  hi  size.  For  example,  if  a  ciiliical 
cipliil  hfts  like  striiB  on  all  its  six  faces,  these  faces  arc  all  sinii- 
Itf^Vad  tlie  fonu  liolongB  to  the  monometric  system. 
'8.  Most  ciyptals  may  be  split  (^cleaved)  with  more  or  less  rcad- 
ioen  parnllcl  to  certain  of  tlieir  faces.  Tliis  property,  which  will 
hSGonsidcred  in  afnture  section,  fro(]ucnt1y  enables  its  to  distiu- 
gnish  similar  planes  when  the  crystallization  is  very  imperfect ; 
tor  wc  find  that  cleavage  is  obtaiiied  with  equal  ease  or  difBculty 
ptrallel  to  similar  faces,  and  with  unequal  ease  or  difliculty  par- 
>llel  to  dissimilar  faces ;  and  again,  that  cleavage  parallel  to 
similar  planes  affords  planes  of  similar  lustre  and  appeai'aiice, 
ud  tiie  converse. 

S.  Planes  equally  inclined  to  the  some  plane  are  Eimilar,  and 
pUncs  equally  inclined  to  similar  planes  are  similar. 

Having,  by  means  of  these  indications,  studied  out  the  sinii- 
*r  planes  of  tlie  crystal,  the  sttideut  will  very  probably  be  able 
to  recognize  the  crystalline  system  at  once  ;  but  if  not,  he  will 
ftnerally  find  an  unerring  guide  to  the  system  of  crystallization 
»t  tlie  modifications  of  the  crystal.  The  law  which  governs  these 
tuxiifications  has  already  l>een  stated  (91),  and  the  mode  of  ap- 
plying it  is  evident.  If,  for  example,  we  find  a  cubical  crystal 
*liwe  Ixmal  edges  are  differently  modified  from  the  lateral  edges, 
ke  know  that  thee  edges  are  not  similar,  and  hence  that  tlte 
Crystal  docs  not  belong  to  the  monometric  system.  If  the  basal 
edges  are  all  modified  alike,  the  crystal  liclongs  to  tlie  dimetrie 
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system ;  but  if  only  the  opposite  basal  edges  are  modified 
it  belongs  to  the  triraetric  system.     The  following  table,  for  i 
I  am  indebted  to  Professor  Dana,*  will  aid  the  student  i 
examination  of  crystals. 

1.  Alt  edges  modified  alike.        )  MoxoMrmic 

2.  Angles  tnincated  or  replaced  5       w.!^ 
hy  3  or  6  similar  planes.  )       ^-^'*'*^"'- 

Number  of  similar  planes  at  extremities  )  Hexagonal 
of  crystal  3  or  some  multiple  of  3.  {      System. 

The  superior 
basal  mouIlicA- 
tions  in  front 
not  similar  to 
the  correspond- ' 
ing  inferior  in 
fix)nt  or  supe- 
rior behind. 


1.  All  cdj^s 
not  modified 
alike. 

2.  Tavf  or 
none  of  the  ^ 
angles  tmnc. 
or  repl.  by  3 
or  6  similar 
pianos. 


Two  adjacent  or 
two  approximate 
sim.  pi.  impossible. 

Two  adjacent  or 
two  approximate 
sim.  pi.  possible. 


Trici 
Svsl 

Mono 

i< 

Svst 


Number  of 
similar  planes 
at  extremities 
of  crystal  nei- 
ther 3  nor  a 
multiple  of  3. 


N.  B.   The  right  rhomboidal  prism  on  its 
boidal  base  may  be  distinguished  from  t!ie 
riglit  prism  by  t!ie  dissimilar  modifications  of 
eral  and  basal  edges  and  angles. 


The  superior 
basal  modifica- 
tions in  front 
similar  to  the 
conpC"*  ponding 
inferior  in  f.*ont 
or  superior  be- 
hind. 


1.  Similar  planes 
at  each  base  eitlicr 
4  or  8  in  number. 

2.  All  lat  cd;xcs 
(if  modified)  siniil. 
trunc.  or  bevelled  $ 

1.  Similar  planes 
at  each  base  eitlicr 
2  or  4  in  number. 

2.  All  lat  edges    ► 
(if    modified)    not 
simil.  truncated  or 
bevelled.  X 


DlMEl 

Systt 


TRIM! 

Syst 


The  study  of  the  modifications  of  crystals  may  somel 
correct  deductions  from  measurements.  The  interfacial  ai 
of  crystals  are  liable  to  slight  variations,  not  generally  ex( 
ing  a  few  minutes,  but  in  extraordinary  cases  amounting  to 
or  two  degrees.  For  example,  cubes  of  common  salt  have 
observed  with  angles  of  92**  or  93**,  and  might  be  mistakei 
rhombohedrons,  were  it  not  that  the  distribution  of  modi! 
planes  indicated  the  perfect  similarity  of  the  edges  and  angl 

Having  determined  the  system  of  crystallization,  it  is  nex 
portant,  if  the  system  is  not  the  monometric,  to  determine 


*  Dana's  System  of  Mineralogy,  Vol.  I:  p.  123. 

t  The  rliombohedron  is  the  only  solid  included  in  this  division,  any  of  whose 
admit  of  a  truncation  or  replacement  by  three  or  six  planes. 

X  The  terminal  edges  of  the  octahedrons  are  here  termed  lateral,  in  order  tha 
statements  may  be  generally  applicable  both  to  prisms  and  octahedrons. 
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^lative  lengths  and  inclinations  of  the  axes.  There  is  obviouslj 
.  direct  relation  between  these  values  and  the  interfacial  angles, 
knd  this  relation  can  be  expressed  mathematically,  so  that  the 
)ne  can  be  calculated  from  the  other.  It  is  the  especial  object 
of  works  on  the  subject  of  Mathematical  Crystallography  to  ex- 
plain these  relations,  and  to  develop  the  formulae  by  which  the 
calculations  can  be  made. 

The  last  point  in  the  determination  of  a  crystal  is  to  ascertain 
the  simple  forms  of  which  it  is  composed,  so  as  to  give  the  syn^- 
bol,  that  is,  the  parameters  of  each  set  of  similar  planes.  In 
many  cases,  the  forms  may  be  discovered  by  inspection  ;  but  in 
other  cases  the  exact  parameters  of  any  one  form  can  only  be 
ascertained  by  calculation  from  the  value  of  the  interfacial  an- 
gles, or  from  tlie  parameters  of  other  forms  already  known.  The 
method  of  making  these  calculations  is  also  explained  in  the 
works  on  Mathematical  Crystallograpliy. 

(96.)  Use  of  Goniometers.  —  It  is  evident,  from  the  last  sec- 
tion, that  the  interfacial  angles  are  the  most  important  elements 
in  the  determination  of  crystals.  These  angles  are  measured  by 
means  of  instruments  called  Goniometers.  The  simplest  of  these 
instruments,  called  the  Common  or  Application  Goniometer y  is 
represented  by  Fig.  193.  It 
consists  of  a  semicircular 
arc,  graduated  to  half-de- 
grees, and  of  two  arms,  ar- 
ranged as  represented  in  the 
figure.  The  first  of  these 
anns,  a  6,  is  fixed  at  the  ze- 
redirision;  but  the  second, 
if^  turns  on  c,  the  centre  "^^^      ng.  loa. 

of  the  arc,  as  an  axis,  and 

indicates  on  the  limb  the  angle  of  the  crystal.  In  using  the  in- 
stmment,  the  faces  whose  inclination  is  to  be  measured  are 
applied  between  the  arms,  which  are  opened  until  they  just  admit 
^  angle,  taking  care  that  the  edge  made  by  the  two  faces  is 
perpendicular  to  the  plane  of  the  instrument.  It  is  easy  to  de- 
tennine  when  the  arms  are  closely  applied  to  the  faces  of  the 
I  ^stal,  by  holding  the  instrument  between  the  eye  and  the  light, 
^^  observing  that  no  light  passes  between  the  arms  and  the  faces 
rf  the  crystd.     The  two  arms,  ab  and  df  slide  in  the  slits  i  A, 


^  i*  ^  fit.  and  oa  be  «hanened  at  pleasnze,  a  proTision  wliich  is 
inmenxlj  imcoront  in  cfae  case  of  snail  crystals.  MoreoTor, 
itr  rxuiagfiris^  orj^cab  paroaQj  imbedded,  the  arc  is  jointed  at  tj 
«i  dbax  du^  port  a  i  but  be  tbUed  bock  oq  the  other  quadrant. 
Suneciines  the  arms  admit  of  being  separated  from  the  arc,  an 
tfrarurnnenc  which  is  more  coaTenient  than  the  one  represented 

Wa«ni  a  n^gnlar  gooiometer  b not  at  hand,  approximate  results 
maj  r,e  ort^ned  bv  means  of  an  extemporaneous  pair  of  arms 
maiii^;  of  thin  sheec-metaL  mica*  or  eTen  of  card.  The  arms  are 
&nc  apoii^  to  the  fik^es  of  the  crrstal,  as  already  described; 
then,  can^fully  retained  in  their  relatiTe  position,  they  are  placed 
OQ  a  ^h*iet  of  paper,  and  the  angle  is  laid  off  by  drawing  lines 
with  a  pencil  and  ruler  parallel  with,  or  in  the  direction  of,  each 
of  the  arms.  Tliis  angle  may  then  be  measured  by  means  of  a 
common  protractor,  or  a  scale  of  cords. 

The  common  goniometer  is  at  best  a  rough  instrument ;  for, 
eren  when  delicately  used,  it  seldom  furnishes  results  within  a 
quarter  of  a  degree  of  the  truth.*  For  polidied  crystals  we  hare 
a  mnch  superior  instrument,  caDed  the  Reflective  Goniometer. 
Tliere  are  serenil  varieties  of  this  instrummt,  but  we  shall  only 
de«criU?  the  one  whicli  is  most  generally  used.  This  was  origi- 
nally deTi<*?J  bv  Wollaston,  and  is  called  bv  his  name. 

The  principle  of  all  reflective  goniometers  is  illustrated  by 
Fig.  194.     Let  a  6  r  be  the  section  of  a  crystal  made  by  a  plane 

perpendicular  to  the  edge 
S  ^  formed  by  the  intersection 
of  the  two  faces  whose 
angle  we  wish  to  meas- 
ure, and  a  by  a  Cj  the  sec- 
tions of  the  two  faces. 
The  angle  required  is  ev- 
idently the  some  as  the 
Hg.  194.  ^        plane  angle  b  a  c.    Let 

iS  5?  and  MM  be  two  ob- 

« 

jects  at  some  distance  from  the  crystal,  which  may  be  used  as 
signals.     The  eye  of  an  observer  at'  O,  looking  at  the  face  of  the 


•  A  morr  ammite  form  of  the  Application  Gonioinetcr,  derised  bv  Adelmtnn.  if 
^^kM  in  DafrRno.v'8  "  Tmit^  de  Minenlogie,"  Vol.  I.  This  iDStrnroent  mar  also 
wi  n^A  aa  a  Reflective  Goniometer. 
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arystal,  eees  a  reflected  ima^  of  the  upper  signal  iu  the  direction 

0  JIf,  &nd  coinciding  with  the  lower  signal,  seen  by  direct  vision. 

M,  now,  the  crystal  is  revotved  on  the  edge  whose  projection  is 

the  pcnnt  a,  nntil  it  assames  the  position  a'  b'  c',  it  is  evident 

ihat  the  reflected  image  of  the  upper  signal  will  again  be  seen 

k  coincidence  with  tlie  lower  signal.     But  in  order  to  bring  the 

crystal  to  the  second  position,  it  is  obviously  necessary  to  revol,ve 

the  taae  a  e  through  ^e  arc  mnp,  which  is  the  supplement  of 

(he  required  angle.     If,  then,  we  can  measure  the  angle  through 

vhieh  the  crystal  must  be  turned  in  order  to  reproduce  the  coin- 

ddmee,  wa  can  easily  calculate  the  angle  of  the  crystal.    This 

<iifxi  is  readily  accomplished  by  the  goniometer  of  Wollaston. , 

1  The  iostnunent  condsts  of  a  vertical  brass  circle,  L  L',  Fig. 
13!i,>bont  twelve  centimetres  in  diameter,  whose  axis  is  mounted 


'  n  i  firm  support,  p  g  r.  Tlie  circle  is  graduated  on  its  rim  to 
••IMegrees,  and  njay  be  revolved  by  means  of  the  milled  head 
^  which  is  fastened  to  one  end  of  the  axis,  A  vernier,"  u,  pcr- 
Auenlly  attached  to  the  support  at  w,  indicates  the  angle  through 
*liKh  the  drcle  is  revolved,  and  also  subdivides  the  half-dcprees 
IU)  minutes.    The  axis  on  which  the  circle  revolves  is  hollow, 

*  The  Tcraier  will  be  desmbed  ia  the  chapter  on  Weighing  nod  MeaaoHng. 
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and  through  it  passes,  with  slight  friction,  an  interior  axis,  a  c. 
At  one  end  of  this  interior  axis  is  fastened, the  milled  head  i^h]  j 
means  of  which  it  may  be  revolved,  and  at  the  other  end  the 
contrivances  for  supporting  and  adjusting  the  crystal,  z,  which  is 
fastened  with  wax  to  a  thin  metaUic  plate,  d  c.  From  this  con- 
struction it  is  e\ident  that,  if  we  turn  the  milled  head  r,  the 
circle  and  crystal  will  both  revolve ;  but  if  we  turn  the  milled 
head  5,  the  crystal  may  be  revolved  independently  of  the  circle. 
Any  distinct  horizontal  line,  such  as  the  bar  of  a  window,  may  be 
used  for  the  upper  signal ;  and  for  the  lower  signal,  a  black  line 
drawn  on  white  paper,  placed  several  feet  below,  and  adjusted 
parallel  to  the  first. 

In  use,  the  instrument  is  placed  on  a  table  about  ten  or  twelve 
feet  in  front  of  the  signals,  and  adjusted  by  means  of  the  level- 
ling-screws,  until  its  axis  is  perfectly  horizontal  and  parallel  with 
the  lines  forming  the  signals.  The  crystal,  which  has  been  pre- 
viously attached  to  the  movable  plate  d  c,  is  next  adjusted,  so 
that  the  edge  of  the  interfacial  angle  to  be  measured  shall  exactly 
coincide  with  the  axis  of  the  instrument  produced.  This  is  the 
most  difficult  adjustment,  and  requires  some  skill.  The  cryrtil 
should  first  be  brought  into  place  as  nearly  as  possible  by  the 
eye,  either  by  shifting  its  position  on  the  plate  d  c,  or  by  changing 
the  position  of  the  plate  by  means  of  the  axis  b  d  and  the  joint  y. 
When  apparently  adjusted,  the  eye  should  be  brought  as  near  the 
crystal  as  possible,  and  directed  towards  the  lower  signal.  Tlie 
milled  head  s  should  next  be  turned  until  the  image  of  the  upper 
signal  is  seen  reflected  from  one  of  the  faces,  which  includes  the 
angle  to  be  measured.  If  the  crystal  is  perfectly  adjusted,  the 
image  will  appear  horizontal,  and  may  be  brought  into  perfect 
coincidence  with  the  lower  signal,  seen  by  direct  vision.  If  there 
is  not  a  perfect  coincidence,  the  adjustment  must  be  altered  until 
it  is  obtained.  The  milled  head  is  next  revolved  until  the  reflec- 
tion of  the  upper  signal  is  seen  in  the  second  face,  and  if  this 
image  also  coincides  with  the  lower  signal,  seen  in  direct  view, 
the  adjustment  is  complete  ;  if  not,  the  adjustment  must  he 
made  perfect,  ])y  altering  the  position  of  the  plate  rf  c,  and  the 
first  face  again  tried.  A  few  successive  trials  of  the  two  faces 
will  enable  the  observer  to  obtain  a  perfect  adjustment.  When 
the  two  images  are  perfectly  horizontal,  the  edge  formed  by  the 
intersection  of  the  two  faces  must  be  parallel  to  the  axis  of  tb« 
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rcle,  but  it  will  not  necessarily  coincide  with  it.  A  slight  vari- 
iou  from  exact  centring  in  the  position  of  the  edge  is  not, 
)wever,  of  importance,  when  the  goniometer  is  placed  ten  or 
reive  feet  distant  from  the  signals,  so  that  this  adjustment  may 
3  made  sufficiently  near  by  the  eye.  The  method  of  adjustment 
hich  has  been  described  depends  on  the  laws  of  reflection,  which 
rill  be  explained  in  the  chapter  on  Light.* 

The  crystal  thus  adjusted,  the  angle  is  very  easily  measured, 
rhe  zero  division  of  the  limb  is  first  made  to  coincide  with  the 
sero  division  of  the  vernier.     The  eye  is  then  brought  as  near 
to  the  crystal  as  possible,  and  directed  towards  the  lower  sig- 
nal.   The  crystal  is  then  revolved  by  the  milled  head  s  until 
the  image  of  the  upper  signal,  reflected  from  one  of  the  faces 
e&dosing  the  required  angle,  coincides  with  the  lower  signal  seen 
I7  direct  vision.      This    coincidence  obtained,  the  circle  and 
eijstal  are  turned  together  by  means  of  the  milled  head  v, 
taking  care  to  keep  the  eye  in  exactly  the  same  position  until 
ttie  same  coincidence  is  observed  with  the  second  face.    The  angle 
through  which  the  circle  has  been  turned  may  now  be  read  off 
bjr  means  of  the  vernier  ;  and  this,  as  we  have  seen,  is  the  sup- 
plement of  the  angle  of  the  crystal.     When  the  faces  of  a  crystal 
ire  highly  polished,  we  can  determine  its  angles  by  means  of  the 
WoUaston  goniometer  within  a  few  minutes,  f     Unfortunately, 
however,  the  faces  of  most  crystals  are  not  sufficiently  polished 
to  give,  under  ordinary  circumstances,  a  distinct  image  of  the 
signal.    In  many  such  cases,  good  results  can  be  obtained  by 
making  the  measurements  in  a  partially  darkened  room,  and 
ttMDg  as  the  upper  signal  a  narrow  slit  in  the  screen  covering  one 
of  the  windows,  and  as  the  lower  signal,  a  horizontal  black  line 
irawn  on  the  casement  below.     The  slit  is  best  made  by  covering 
I  rectangular  aperture  in  the  screen  with  a  parallel  ruler,  which 

*  Another  method  of  adjusting  the  goniometer  and  the  crystal  is  described  by  Pro- 
^»of  W.  H.  Miller,  of  Cambridge,  England,  in  his  work  on  Crystallography,  and  also 
^tbelast  editioo  of  Phillips's  Mineralogy,  London,  1852.  This  method  is  preferable 
^llMoiie  described  in  the  text  in  most  cases,  and  especially  when  the  crystals  are  mi- 
^  or  die  lustre  of  the  fiices  dinL 

t  For  the  methods  of  rectifying  the  instrnment  and  of  determining  the  probable 
•*"Miof  measurement,  the  student  may  consult  Nauroann.  Lchrbuch  der  reinen  und 
•^S^^andten  Krystallographie,  Leipzig,  1830.  Band  II  ;  Neumann,  Das  Krystallsys- 
^  des  Albites  (Abhandlungen  der  kuniglichcn  Akademie  der  Wissenscbaften  in 
^^cKvomJahre  1830). 
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may  be  opened  more  or  less,  as  circnmstances  require.  WhcD 
the  faces  are  very  dull,  the  slit  may  be  illuminated  by  means  oi 
a  heliostat.  In  sucli  cases,  when  we  can  see  no  image,  we  can 
sometimes  get  an  impression  of  light  imperfectly  reflected  from 
tlie  faces  of  the  crystal,  and  this  enables  us  to  measure  the  angle 
within  ten  or  twelve  minutes.  We  can  sometimes  render  the 
faces  of  crystals  reflecting,  by  fastening  on  them  very  Uiin  pieces 
of  mica  by  means  of  some  interposed  liquid,  such  as  water  or  oil 
of  turpentine. 

The  WoUaston  goniometer  has  been  modified  by  Budbeig* 
and  Mitscherlich,  f  and  the  instrument,  as  tlius  improved,  is  con- 
structed by  Oertling,  of  Berlin.  The  modifications  consist 
chiefly,  —  First,  in  an  improved  apparatus  for  centring  and 
adjusting  the  crystal.  Secondly,  in  substituting  for  the  distant 
signals  cross-wires  at  the  focus  of  the  eye-piece  of  a  telescope 
which  is  firmly  attached  to  the  stand  of  the  instrument.  The 
object-glass,  whidi  is  directed  towards  the  crystal,  is  so  adjusted 
that  the  rays  of  light  emanating  from  a  lamp  placed  before  the 
eye-piece  and  illuminating  the  cross-wires  are  rendered  paralld 
before  they  strike  upon  the  face  of  the  crystal,  and  thus  produce 
the  same  eflcct  as  if  they  emanated  from  a  signal  ten  or  twelve 
feet  distant.  Thirdly,  in  directing  the  eye  by  means  of  a  second 
telescope,  furnished  with,  cross-wires,  whose  optical  axis  is  in  the 
same  plane  as  that  of  the  first  telescope,  and  is  parallel  to  the 
plane  of  the  graduated  circle.  In  using  this  instrument,  the 
crystiil  is  first  carefully  adjusted,  and  then  turned  until  the  re- 
flected imajro  of  the  cross-wires  of  the  firet  telescope  is  seen  to 
coincide  with  those  of  the  second,  seen  by  direct  vision.  The 
whole  circle  is  then  turned  until  the  same  coincidence  is  obtained 
with  the  image  reflected  from  the  second  face.  The  angle  is  then 
read  off  on  the  graduated  limb,  which,  in  the  largo  goniometer 
constructed  by  OcrtUng,  is  divided  into  sixths  of  a  degree,  and 
each  of  these  divisions  subdivided  by  a  vernier  into  sixths  of  ft 
minuto.  This  goniometer  gives  very  accurate  measurements; 
but  on  account  of  the  loss  of  light  produced  by  the  lenses,  itcatt 
only  1)0  used  with  crystals  whoso  faces  are  highly  polished.    Ift- 


•  Vnrsfhla^  /u  oinoin  vorbcs,<erten  Reflexionsgoniomcter  ( Annalen  derPbrs-tn* 
Ctioin   von  Tofrir^'mlorf.  IX.  s.  517). 

t    .\».)i.  x\rr  k.»n.  Akaa.  dor  Wiss.,  Berlin,  1825.  1839.    Also  Dufrdnoy,  Twite  d« 

MiiU'ialn^u*.    Vol.  I. 
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deed,  it  is  sddom  that  such  nicety  is  required,  since  the  angles 
of  crystals  are  liable  to  accidental  variations  amounting  to  several 
minutes,  and  the  ordinary  WoUaston  goniometer  will  in  most  cases 
measure  the  angles  as  accurately  as  they  are  formed  by  nature. 

For  descriptions  of  the  various  forms  of  reflective  and  other 
goniometers,  wllich  have  been  proposed  by  Babinet,*  Haidinger,! 
and  others,  f  the  student  is  referred  to  the  original  memoirs. 

(97.)  IdeMUy  of  Crystalline  Form.  —  It  was  stated  in  (79), 
that,  with  certain  limitations  ^  the  crystalline  fomi  is  always  the 
same  for  tlie  sams  substance^  and  we  are  now  prepared  to  luider- 
stand  what  tlie  limitations  are.     It  is  not  true,  in  the  ordinary 
Meeptation  of  the  word,  that  the  same  substance  always  crystal- 
lizes in  the  same  form;  but  the  same  substance,  with  the  cxce])- 
tions  hereafter  to  be  noticed,  always   crystallizes  in  the  same 
vfsiem.     Common  salt,  far  example,  usually  crystallizes  in  cubes ; 
bat  when  it  is  crystallized  from  a  solution  containing  urea,  it 
takes  tlie  form  of  the  i*egular  octahedron,  oi'  eke  a  compound 
form,  on  which  the  cube  and  octahedron  are  united.     Eoth  of 
these  forms  belong  to  the  Monometric  System.     So  also,  M.  le 
Comte  de  Bournon,  in  a  monograph  of  two  volumes,  has  de- 
scribed eight  hundred  different  forms  of  the  mineral  calcite  ;  but 
all  of  these  belong  to  the  Hexagonal  System.    When  a  substance 
crjstallizes  in  the  Monometric  System,  the  relative  lengths  of  the 
ues  of  the  different  forms  must  necessarily  be  the  same  ;  but  in 
the  other  systems,  the  relative  lengths  of  the  axes  of  the  different 
forms  of  the  same  substance  may  be  different.     We  have  seen, 
however,  that  these  lengths  always  bear  to  each  other  a  very  sim- 
ple uiunerical  ratio  (compare  pages  143, 147, 169,  and  164),  and 
that  m  the  oblique  systems  the  axes  of  the  different  forms  of  the 
nme  substance  have  always  the  same  relative  inclinations  (com- 
!*re  pages  164  and  168).     It  follows,  therefore,  that  when  we  say 
that  a  substance  always  crystallizes  in  the  same  form,  we  only 
ttean  that  it  crystallizes  in  forms  belonging  to  the  same  system. 
The  number  of  possible  forms  in  which  a  given  substance  may 
crystallize  (although  it  is  restricted  to  forms  of  one  system)  is, 


♦  Dnfr^Doj,  Traits  de  Mineralogie,  Vol.  I. 

t  Sitznngsberichte  der  mathem.-naturw.  Classe  dcr  kai|^  Akadomie  der  Wissen- 
*Men  ni  Wien.     Norembcrhefte  des  Jahrgan^cs  1855. 

t  Sackow,  Vorechlag  za  einem  Goniometer  (Journal  fUr  praktischo  Chemie  von 
^maim.  Band  11.).  Gilbert's  Annalen  der  Physik,  Jahrgang  1820.  Also  Kolioati, 
Stoaeme  der  Krystallographie,  Bmnn,  1855. 


184  CHEMICAL  PHYSICS. 

of  course,  infinite  ;  but  the  number  of  dctual  forms  in  which  it 
is  observed  to  crystallize  is  generally  very  limited,  —  seldom  ex- 
ceeding two  or  three.  Under  similar  circumstances ^  a  given 
substance  almost  invariably  takes  the  same  form ;  so  that  this 
form  is  one  of  the  most  characteristic  properties  by  which  a 
substance  may  be  recognized.  Moreover,  we  also  find  that  in 
any  given  system  the  possible  forms  of  a  substance  are  limited 
to  either  holohedral  or  hemihedral  forms.  For  example,  we 
always  find  iron  pyrites  crystallized  in  the  parallel  hemihedral 
forms  of  the  Monometric  System,  and  gray  copper  in  the  oblique 
hemihedral  forms  of  the  same  system. 

(98.)  Dimorphism  and  Polymorphism.  —  There  are  several 
substances,  which,  under  widely  different  conditions,  may  be 
made  to  crystallize  in  the  forms  of  two  systems,  and  a  few 
which  may  be  made  to  crystallize  in  those  of  three  systems. 
Such  substances  are  said  to  be  dimorphous  or  polymorplum. 
Sulphur,  for  example,  at  the  ordinary  temperature  of  the  air, 
crystallizes  in  the  forms  of  the  Trimetric  System ;  but  at  the  tem- 
perature of  113**  C.  it  crystallizes  in  the  forms  of  the  Monoclinic 
System.  Carbon,  also,  is  found  in  nature  as  diamond,  whosa 
crystals  belong  to  the  Monometric  System,  and  as  graphite,  whoae 
crystals  belong  to  the  Hexagonal  System.  Again,  carbonate  of 
lime  occurs  in  forms  of  the  Hexagonal  System,  when  it  is  called 
calcite  ;  and  in  forms  of  the  Trimetric  System,  when  it  is  called 
arragonite.  Lastly,  titanic  acid  crystallizes  in  the  forms  of  the 
Dimetric  System,  in  which  a  :  6  =  1  :  0.6442  (rutile)  ;  in  forma 
of  the  same  system,  in  which  a  :  6  =  1  :  1.7723  (antase^ ;  and 
also  in  forms  of  the  Trimetric  System  (brookite). 

When,  however,  a  substance  crystallizes  in  the  forms  of  diffe^ 
ent  systems,  we  find  that  in  the  several  states  its  other  properties 
differ  as  widely  as  the  forms ;  and  so  much  so,  that  it  may  be 
questioned  whether  they  can  properly  be  regarded  as  the  same 
substances.  No  two  substances  could  differ  more  widely  than 
the  two  states  of  carbon  (diamond  and  graphite)  ;  and  similar 
differences,  although  not  quite  so  striking,  exist  between  the 
different  states  of  other  substances.  It  becomes,  then,  a  question 
of  considerable  interest,  whether  these  states  can  properly  be  w* 
garded  as  the  same  substance.  But  this  discussion  must  be  re- 
served for  another  portion  of  this  work. 
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Elasticity. 

(99.)  Elasiieiiy  of  Solids.  —  Having  considered  the  effect  of 
ihesioQ  ill  retaining  the  molecules  of  soUds  in  a  determinate  po- 
tion with  reference  to  each  other  (79),  we  come  next  to  consider 
le  effect  of  this  molecular  force  in  determining  phenomena  of 
iasticity.  It  has  been  stated  (77),  that  the  phenomena  of  elas- 
idty  could  be  developed  in  all  matter  by  compression,  and  tliat  in 
alid  matter  they  could*  also  be  developed  by  tension,  by  flexure, 
kod  by  torsion.  The  lavs  of  elasticity  in  solid  bodies  may,  for  the 
nost  part,  be  developed  both  by  mathematical  analysis  and  by 
iiperiment ;  but  we  shall  be  obliged  to  confine  ourselves,  in  this 
rork,  to  a  simple  enunciation  of  "them,  referring  the  student  to 
ibe  works  ou  Physics  which  have  been  previously  cited,  for  a 
full  development  of  the  subject. 

(100.)  Elasticitj/  of  Tension.  —  In  experimenting  on  the  elas- 
ticity developed  in  solids  by  tension,  we  suspend  the  rod  or  wire 
bf  its  upper  extremity  to  a 
Gnn  support,  and  attach  to  its 
lover  extremity  a  pan  to  re- 
»sreweight(Pig.l96).  The 
doDgation  caused  by  the  addi- 
tioD  of  weight  to  the  pan  can 
Iben  be  measured  by  means  of 
I  cathctomeler.'  If  the  elon- 
ptioQ  does  not  exceed  a  cer- 
lun  amount  for  any  given 
^,  and  Uie  experiment  is  not 
^Dtinned  too  long,  the  rod 
till  resume  its  original  length 
'hen  the  weight  is  removed. 
H,  however,  the  elongation 
sceeds  the  limit  of  elastici- 
'),  or  if  the  strain  is  contin- 
led  beyond  a  limited  time,  a 
lermanent  change  of  length 
nd  bulk  will  ensue.  When 
be  limits  of  elasticity  are 


*  Tlii*  iiwtnimnit  will  be  deicribed  in  the  chapter  oo  WeigtiiDg  and  Meainring, 
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not  exceeded,  it  will  be  found  that  the  following  laws  will  hold 
true  in  all  experiments  of  this  kind. 

1.  The  elongation  caused  bp  an  increase  of  tension  is  the  same 
for  the  same  subtance^  whatever  may  have  been  the  original  ten- 
sion. For  example,  if  we  are  experimenting  on  a  rod  of  iron, 
we  sliall  find  that  the  elongation  caused  by  the  addition  of  one 
kilogramme  to  the  pan  is  the  same,  whether  the  pan  was  before 
empty,  or  was  loaded  with  fifty  kUogramjnes  or  any  other  amount 
of  weight. 

2.  The  elongation  is  proportional  to  the  increase  of  tension. 
If  the  rod  is  elongated  one  millimetre  by  one  kilogramme,  it  \fill 
be  elongated  ten  millimetres  by  ten  kilogrammes,  and  so  on. 

3.  The  elongation  is  proportional  to  the  length  of  the  rod. 
A  rod  of  tlie  same  substance,  of  the  same  size,  but  twice  as  long 
as  another,  will  be  elongated  twice  as  much  by  the  same  increase 
of  weight. 

4.  Tlie  elongation  is  inversely  proportional  to  the  area  of  the 
section  made  at  right  angles  to  the  length  of  the  rod.  If,  for 
example,  two  rods  of  the  same  substance  have  the  same  leDgtb* 
and  if  the  area  of  the  section  of  the  first  is  twice  as  great  as  tbai 
of  the  second,  it  will  only  be  elongated  one  half  as  much  by  the 
same  strain. 

(101.)  Coefficient  of  Elasticity.  —  It  follows  from  these  laws, 
that  the  elongation  of  a  given  rod,  which  we  will  represent  by  i, 
is  proportional,  first,  to  a  constant  quantity,  C,  depending  on  the 
nature  of  its  substance  ;  secondly,  to  the  weight,  tX),  by  which  it 
is  stretched  ;  thirdly,  to  its  length,  L  ;  and,  fourthly,  is  inversely 
proportional  to  the  area  of  the  section,  S.  This,  expressed  ift 
mathematical  language,  is 

/  =  C  .  to  .  L  .  I ;  j 

l=C^^        or        C^^^ 


hence. 


s'     "'      — zto- 

If  in  these  equations  we  put  JT  =  77,  they  will  become,  \ 

1      toX  JT         ^to  r^^n  I 

l=-^—^y  or  A=Y^-.  [Gb.J 

1 

This  quantity,  K^  is  called  the  coefficient  of  elasticity.     If  in  the 
last  equation  we  put  I  =  L^  that  is,  if  we  suppose  tlie  elongation 
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le  equal  to  the  original  length,  and  also  make  S  &»  1  mTm?, 
equation  becomes  JT  =  tD ;  which  shows  that  the  coeflSdent 
elasticity  of  any  homogeneous  substance  is  equal  to  the  abso* 
)  weight  required  to  double  the  length  of  a  bar  of  that  sub- 
ice,  whose  section  is  equal  to  one  square  millimetre,  supposing 
h  an  increase  of  length  were  possible,  which  is  not  the  case 
«pt  with  threads  of  Indiarrubber.  The  following  table  gives 
coefRcients  of  elasticity  of  a  number  of  metals,  as  deter- 
ned  by  M.  Wertheim. 

nffdenU  of  EUuticity  of  Annealed  Metah  at  different  Temperature$. 


150  to  200. 

1000. 

900O. 

Lead, 

.    1,727 

1,630 

•      • 

Gold,  . 

5,584 

5,408 

5,482 

Silver,     . 

.    7,140 

7,274 

6,874 

Copper, 

.       10,519 

9,827 

7,862 

Platinum, 

.  15,518 

14,178 

12,964 

Iron,  •         • 

.      20,794 

21,877 

17,700 

Cast-Steel,      . 

.  19,561 

19,014 

17,926 

English  Steel, 

.      17,278 

21,29a 

19,278 

It  appears  from  this  table,  that,  as  a  general  rule,  the  coeffi- 
mts  diminish  as  the  temperature  rises  from  15^  to  200**. 
M.  Wertheim  has  also  made  experiments  on  metals  which  have 
en  submitted  to  various  mechanical  agencies,  and  has  found 
\i  all  circumstances  which  increase  the  density  increase  also 
'  coefficient  of  elasticity ^  and  the  reverse. 
The  coefficient  of  an  alloy  is  sensibly  the  mean  of  the  coeffi- 
ints  of  the  metals  which  enter  into  its  composition,  even  when 
ihange  of  volume  accompanies  the  formation  of  the  alloy.  A 
rreiit  of  electricity  diminishes  momentarily  the  elasticity,  iude- 
ndeutly  of  the  diminution  caused  by  the  elevation  of  temper- 
are  which  it  produces. 

(102.)  Elasticity  of  Compression,  —  If  a  bar  is  compressed 
tlie  direction  of  its  length  by  a  force  acting  at  the  extremities, 
is  found  that  the  amount  by  which  it  is  shortened  is  exactly 
iai  to  the  amount  by  which  it  would  be  lengthened,  were  the 
ce  applied  so  as  to  stretch  it.  It  follows,  from  this  equality  in 
effects  produced,  that  the  laws  of  elasticity  developed  by  com- 
ssion  are  the  same  as  the  laws  of  the  elasticity  of  tension. 
103.)  Elasticity  of  Flexure.  —  The  simplest  case  of  elas- 
y  developed  by  flexure  is  illustrated  by  Fig.  197.     It  repre- 


IJl  Taw,w9  pr^B  opoa  the  fn» 
ujj.'BuL*  iif  Ae  bar  ai  B.  k 

]^  ^  »  a>  «irtB  IE  a  Eide.  die  hw 

v2  i^ai  tu  nbun  to  its  Gist 

pr'^r.r.n.  !n  -wL-wTttHuw  if  r:e  ^jasaaxr  ^v^loped  br  ifae  Am- 

1.'^  .  *ai'.  \t  Itt^  ^<  icaetl.  vH  r^sonw  Ae  kurmiBBl  poaDoo  ifis 

Ti<i  ^i.-w&.r;t7  -if  iftucs  fs.  ia  orott  lumwiu  a  nixed  eaect  of 
rhA  ^iA»t>.->^  --jf  9MiipR9s>ja  aod  p*™«t  nnce.  bv  the  beading 
•it  r)M  iMT.  thii  puucles  of  die  eoav«x  <az&ce  A  B  ue  dim 
*p<v.,  vKflft  chffle  of  the  nxucsTe  jor&ce  Ci>  aie  f«eed  to- 
JlfRthAT.  ukd  it  u  in  coDseqaenn  of  tb  ebaadtr  dins  derdi^ 
that  riif.  im  tnuia  to  RCom  to  its  ocieiiul  po^coD.  Bat,  nun- 
^v^.  th*-.  partiria  of  the  bw  faa*e  changed  their  poatioffl,  it>d»- 
^AnttXj  'A  th«  change  of  tbeir  idatrrc  distances  apart,  ante 
thA  f«rti<:I<»,  wiiictrvere  prerioodr  stiuted  oa  a  stralgfat  liM, 
ar^  r./>w  fin  a  <miTed  line  :  and  ve  know  that  such  a  chti^  j 
*4  f^mt't'iu  moat  be  accc»npanied  vith  a  deTel<^uiient  of  du-  I 
ti^itjf.  i 

.'■tartintr  frffin  thew  data,  the  lavs  of  elasticitr  of  flexure  eu  1 
Ia  'Mntvfl  hy  mathematical  analr«is.  Tber  are  comprised  in  ^ 
Ut'!  fonnula, 

in  which  J^  i«  the  Icnirtli  of  the  bar ;  tO,  the  weight  acting  pM*- 
ftftti'liciilarly,  and  tending  to  l>eud  it;  b,  the  breadth  of  tlie  bar 
inraNiiriid  [K;r|XMKliciilarly  to  the  direction  of  this  force;  t,iiit 
thiftkiicKH  of  thfi  linr  ;  a,  tiie  arc  described  B  B' ;  and  f,  a  cod- 
Htant  fjuniitity  d<t{M!tidiiig  on  its  substance.  If  in  [67]  ve  put 
A  =  1  III,,  h  =  \  c.  m.,  f  ^  1  c.  m,,  o  ^  1  c,  m.,  it  beconw* 
tt)  Bs  A*.  Tin;  nuin>H3r  K  is  called  the  coefficient  of  the  elu- 
tic.ity  of  flexure,  and  it  is  evidently  equal  to  the  weight  which 
will  iMiiirt  a  bur  of  a  given  substance  one  metre  long  and  ons 
r.itnLinietrfi  w|unro  through  an  arc  of  one  centimetre.  When  the 
viiiiii^H  of  «,  i,  e.,  and  L  have  been  determined  by  experiment  in 
thii  cnHii  of  niiy  Kubxtunco,  the  value  of  if  for  this  substance  cut 
(iiiNily  hi!  eiilculaUid. 
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on  [67]  shows  that  the  flexure  of  the  bar,  or  a,  is  pro- 
to  the  force  tD-  It  followB  from  this,  that,  as  the  rod  is 
iada  to  restore  itself  to  the  position  of  equilibrium  with 
'hich  increases  with  the  distance  of  each  of  its  points 
r  position  of  equilibrium.  Now  it  can  be  proved  that, 
9  condition  exists,  tlie  oscillations  which  the  bar  makes 
ling  to  the  position  of  equilibrium  will  be  isochronous, 
may  be  their  amplitude.  Hence  reciprocally  it  will 
lat,  if  the  oscillations  of  such  a  bar  are  isochronous,  the 
.  under  consideration  must  exist.  It  is  easy  to  Terify  the 
sm  of  the  oscillations  experimentally,  because,  being  very 
iy  produce  a  sound  whose  pitch  depends  on  the  number 
tions  in  a  second,  and  hence  in  any  case  would  vary,  if 
ronism  were  not  preserved.  Now  it  is  well  known  that 
1  is  constant  for  a  given  bar,  whatever  may  be  the  ampli- 
Lhe  oscillations  ;  and  thus  this  is  at  once  a  consequence 
-oof  of  the  law,  that  the  flexure  is  proportional  to  the 

been  assumed  in  this  discussion,  that  the  section  of  the 
-ectatigle,  and  that  tlie  force  is  applied  in  a  direction  per- 
il- to  one  of  its  sides.  When  these  conditions  are  not 
the  formulfe  [67]  no  longer  hold  true.  It  bos  been  also 
that  the  bar  returns  exactly  to  its  first  position  when  it 
or,  in  other  words,  that  the  flexure  does  not  exceed  the 
elasticity. 

Applications.  —  Almost  all  springs  —  for  examfde, 
rings  and  carriage-springs  —  are  appli- 
if  the  elasticity  of  flexure.  The  bow 
;r  example.  The  elasticity  of  a  hair 
s  due  to  the  elasticity  of  flexure  devel- 
the  shigle  hairs.     The  spring  balance, 

which  has  been  already  described  (71), 
lication  of  the  law  that  the  flexure  is 
nal  to  the  weight, 
asticity  of  flexure  has  been  applied  by 

in  the  construction  of  a  metallic  ma- 
and  barometer,  which  bear  his  name, 
amiliar  fact,  that,  if  we  force  air  info 
e  tube,  closed  at  one  end,  which  is 

and   coiled  up  on  its  flat  side,  the  pressure  tends  to 
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uncoil  it ;  and,  on  the  other  hand,  that,  if  we  exhaust  die 
air,  the  exterior  pressure  tends  to  coil  it  still  further.  If  the 
tube  is  also  elastic,  it  is  evident  that,  when  the  pressure  ie  re- 
moved or  restored,  it  vill 
return'  to  its  former  condi- 
tion, provided  that  the  lim- 
its c^  elasticity  an  not 
passed.  These  facts  are 
the  basis  of  the  two  instro- 
meuts  reiH^sentcd  in  Figs. 
199  and  200. 

The  chief  object  of  the 
manometer  (Fig.  199)  is  to 
measure  the  pressure  exert- 
ed by  ooofined  steam,  al> 
though  it  might  be  used  for 
atiy  similar  purpose.  It 
consists  of  an  elastic  tube, 
a  b,  made  of  brass,  and 
colled  as  represented  in  the 
figure.  A  section  of  this  tube  is  represented  at  S.  The  end  of 
the  tube,  a,  is  firmly  fastened  to  tlic  stopcock,  m,  by  which  it 
connects  with  the  steam-boiler.  To  the  closed  end  of  the  tube, 
b,  is  attached  a  hand,  c,  which 
moves  over  an  index.  As  the 
pressure  of  the  steam  on  the  inte- 
rior surface  of  the  tube  increases, 
it  gradually  uncoils,  and  the  hand 
points  to  tiie  number  of  atmos- 
f^eres  of  pressure.  When  tho 
pressure  is  removed,  tlie  tube, 
in  virtue  of  its  elasticity,  resumes 
its  original  position,  and  the  hand 
points  to  the  first  division  of  the 
scale. 

The  bfiromefcr  (Pig.  200)  is  a 
more  delicate  instniment,   con- 
structed on  the  some  principle. 
Tho  tube  is  here  closed  at  lK)th  ends,  and  when  the  pressure  of 
tlic  atmosphere  is  just  equal  to  the  tension  of  the  confined  air,  it 
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condition  of  eqiulibrium.'  Wheo,  however,  the  pressure 
mospbere  dimiuishes,  tliere  is  au  excess  of  pressure  on  the 
surface  of  the  tube,  and  it  tends  to  uncoil ;  on  tha  other 
len  the  atmospheric  pressure  increaseg,  there  is  an  es- 
>ressure  on  the  exterior  surface,  and  the  tube  tends  to 

more.     As  constructed,  the  air  is  partially  exhausted 

tube,  and  hence  the  pressure  of  the  atmosphere  always 
coil  it  more  or  less,  as  compared  vith  the  condition  of 
urn.  Tlie  tube  is  fastened,  at  the  middle  of  its  length,  to 
T  part  of  the  instrument,  and  its  free  ends  are  connected, 
actallic  threads  a,  b,  with  the  hand,  which  serves  to  mul- 

motion,  while  a  small  spiral  spring,  c,  causes  the  needle 
■  with  accuracy  any  change  of  position  in  the  ends  of  the 
.''he  arc  is  gradiuited  to  correspond  with  a  mercurial  ba- 

aiid  denotes  the  number  of  centimetres  of  mercury  to 
le  atmospheric  pressure  corresponds. 
)  Elasticity  of  Torsion.  —  It  is  a  fact  of  frequent  obser- 
liat,  when  a  metallic  wire,  a  b  (Fig-  201),  fastened  at  one 
twisted  by  a  force  applied  at  the 

strives  to  return  to  its  original 

and  when  free  returns  to  this  po- 
\cY  having  made  a  number  of  os- 
;.  This  of  course  supposes  that 
n  has  not  exceeded  the  hmit  of 

!asy  to  see  how  elasticity  is  devel- 

a  wire  by  torsion.     Suppose  m  n, 

,  to  be  a  line  of  particles  parallel 

:is  of  the  wire  when  in  a  state  of 

um.     It  is  evident  that,  when  the 

wisted,  theso  particles  will  be  dis- 

OD  the  helix  m  »' ;  but  in  order  to 

Jiis  position,  the  distances  between 

nrive  molecules  must  be  increased,  ""  *" 

ill  develop  the  elasticity  of  tension.     Besides,  this  elas- 

also  developed  by  the  fact  tliat  tlie  particles  resist  any 

of  poffltioD,  even  when  the  relative  distances  are  pre- 

ngle  o,  through  which  a  radius  of  the  lower  base  of  the 
umed,  is  termed  the  angle  of  torsion.     The  force  which, 
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applied  at  the  oxiromity  of  a  lerer  equal  to  tike  ^hi  of  lo^ 
and  iH5riK3iidicuIar  to  the  wire,  will  iminttiB  ham  poHtHiN 
wliicli  corresponds  to  a  certain  angle  of  voakm^  b  criM  if 
force  of  torsion.  And  when  the  an^e  of  tonioB  if  wmdk  dot  dtt 
arc  doHcribod  by  the  extremity  of  the  lever  is  abo  ttful  u>  ma% 
tlie  force  of  torsion  is  called  the  coefficieni  cf  Utnkm^ 

II10  laws  of  the  elasticity  of  torsion  were  inTTPtiEHfd  dt  On- 
lotnb,  and  are  expressed  in  the  following  finmuls :  — 


= " '  J^'  t«*o 


i 

^''^  g 

or 

which  apply  to  the  case  represented  in  Fig.  201,  of  a  cTlindiia 
W(n^ht  Hus|MMidod  by  a  cylindrical  wire  to  a  fixed  support,  a,  1 
tliut  ihi)  axis  of  the  cylinder  and  the  wire  correspond.  In  di 
cas(^  IV  r(^proHonti»  the  weight  of  the  cylinder ;  r,  its  radius;  { 
th*^  forco  of  gravity ;  F,  the  coefficient  of  torsion  of  the  win 
and  /,  the  time  of  the  oscillations  which  the  cylinder  makes  ( 
its  axis,  in  returning  to  the  state  of  rest  after  the  wire  has  hen 
twisted.  TI)o  laws  of  torsion  discovered  by  Coulomb  are  i 
follows. 

1.  The  force  of  torsion  is  proportional  to  the  angle  of  term 
In  ordor  to  establish  this  law,  Coulomb  made  experiments  on  ti 
oscinations  of  the  weight  W  on  its  axis  caused  by  the  torsion 
the  wire,  using  wiivs  of  different  substances,  and  loading  the 
with  diffortMU  weights.  lie  found  that  in  each  case  the  times 
the  osciUations  wei*e  i!idei)endent  of  the  amplitudes,  or,  in  oth 
words,  that  they  were  isochronous ;  and  it  can  readily  be  sliow 
by  the  same  course  of  reasoning  used  in  (103),  in  regard  to  t 
elasticity  of  flexion,  that  the  law  is  a  necessary  consequence 
this  fact. 

The  isoehmnism  of  the  oscillations  caused  by  torsion  is  c 
pressed  by  [()8],  since  the  value  of  the  second  member  oft 
eiiiuitioM  is  indejKMulent  of  the  amplitude. 

2.  The  force  of  torsion  is  independent  of  the  tension  of  i 
tcirc.  It  has  been  proved  by  experiment,  that  the  square  of  t 
time  of  oscillation  is  proportional  to  the  weight,  W^  or,  in  otl 

W 
words,  that  -^-  is  a  constant  quantity ;  and  hence  it  follows,  tl 
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ifl  of  F  [69]  is  Dot  changed  by  any  variatipn  of  tiie 

nefficient  of  torsion  depends  upon  tlie  substance  of  the 
d  also  upon  its  diameter  and  its  length,  it  being  inversely 
onal  to  the  length  and  directly  proportional  to  the  fourtli 
:*  the  diameter  of  the  wire. 

)  Applications  of  the  Elasticity  of  Torsion.  —  One  of 
-.  beautiful  applications  of  the  laws  of  torsion  is  the  tor- 
uice,  contrived  for  measuring 
iisity  of  feeble  attractive  and 
i   forces.      One  form  of  this 

which  is  used  for  measuring 
isity  of  the  attractive  or  repul- 
e  between  electrified  bodies,  is 
ted  in  Fig.  202.  The  general 
I  of  the  apparatus  is  evident 
)  figure,  and  does  not  require 
on.     The  most  essential  part 

a  fine  silver  wire,  attached, 
■)per  end,  to  tlie  brass  circle 
rom  the  lower  end  of  which 
:iiicd  a  shellac  needle.  The 
is  movable,  and  turns  on  the 
ich  is  cemented  to  the  glass 
This  circle  is  graduated  on 
rior  rim  into  degrees,  and  the  index-mark  at  a,  which  is 

to  the  cap,  indicates  tlic  angle  throngli  which  the  circle  e 
1  turned-     Tlie  glass  tube  also  turns  in  a  brass  socket, 

cemented  to  the  glass  cover  of  the  apparatus.  The  re- 
>r  attractive  force  between  the  two  electrified  balls  m  and 
isured  by  the  angle  through  which  it  is  necessary  to  twist 

(by  turning  the  circle  e),  in  order  to  balance  it,  the  force 

being  always  proportional  to  the  angle  of  torsion.  A 
tion  of  the  torsion-balance  was  employed  by  Cavendish, 
sequently  by  Bayly,  in  the  determination  of  the  density 
irth. 

)  Limit  of  Elasticity.  —  It  lias  been  several  times  stated 
devious  sections,  that  the  laws  of  elasticity  only  hold  true 
is  the  strain  does  not  exceed  the  limit  of  elasticity^  and 
tated  in  section  (77),  that,  within  more  or  less  narrow 
17 
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limit",  all  solids  were  perfectlr  elasdc.  The  pbenomenm  of  dii> 
ticity  mav  }fe  developed  hjr  torsion  in  those  safasiaDces  which  Mtt 
the  mff^l  destitute  of  this  property.  Thus,  if  we  take  a  \eaiaL 
wire  two  millimetres  in  diameter  and  tliree  metres  long,  fix  om 
end  of  it  fimjlr  to  the  ceiling,  and  fasten  an  index  to  the  other, 
it  will  Ikj  found  that,  if  we  twi^t  the  wire  twiee  nsond  and  let 
it  go,  it  will,  after  a  namljer  of  oscillations,  come  to  rest  in  ill 
original  jKisition  ;  showing  that  the  elasticity  in  this  leaden  vin 
is  ii*;rih:i  up  to  the  jKjint  mentioned.  But  if  we  twist  the  win 
four  limes  instead  of  two,  it  will  not  return  to  its  fiiret  postioB, 
but  to  a  [Kisition  short  of  tliat  by  nearly  two  reTdutions.  The 
jfurUclra  of  a  leaden  wire  of  this  length  and  thickness  will  bev 
a  displacement  measured  by  two  revolutions  of  the  index;  hot 
the  displacement  fxx'asioned  by  four  turns  is  more  thia  ill 
particles  can  Ixsar,  and  they  remain  permanently  displaced,— 
the  wire  having  taken  what  is  technically  caUed  a  set.  8t 
also,  a  thin  cylinder  of  pipe-clay  (which  is  generally  eonal*  ^ 
ered  aH  destitute  of  elasticity  as  almost  any  substance  can  be) 
shows  the  existence  of  elasticity  as  perfect  as  can  be  found  in  thi 
IwHt-temjKjred  steel ;  but  here  again  the  limit  of  elasticity  is  wot 
reached.  A  steel  wire,  similar  to  the  lead  one  just  menticmed, 
might  be  twisted  a  great  many  times  before  its  particles  would 
receive  such  a  set  as  to  prevent  it  from  completely  untwisting 
again;  but  after  it  had  been  twisted  a  certain  number  of  times, 
the  limit  of  its  elasticity  would  be  passed,  and  it  would  not  come 
to  rc^st  again  at  its  first  position. 

The  same  phenomena  appear  in  all  the  cases  we  have  studied. 
A  wire,  which,  when  stretched  by  a  light  weight,  will  resume  its 
original  l(Migth  when  the  weight  is  removed,  will  be  permanently 
hiiigthened  if  the  weight  exceeds  a  limited  amount.  So  also  » 
st(H'l  si)ring,  if  bent  beyond  a  certain  point,  is  forced^  and  re- 
mains p(?rman(Mitly  bent  to  a  greater  or  less  extent. 

It  is  a  remarkable  fact,  that  even  when  the  limit  of  elastid^ 
has  biM'ii  t^xeeedod,  so  that  the  particles  have  taken  a  permanent 
sot,  thc!  elasticity  of  the  whole  mass  remains  the  same  as  befoi«- 
Thus,  when  a  wire  has  l>een  permanently  lengthened  by  a  great 
strain,  it  is  as  perfectly  elastic  in  its  new  condition  as  before, 
riMidily  recovering  from  the  efiects  of  smaller  degrees  of  extcn* 
sion.  So  also  it  was  found  by  Coulomb,  that,  after  he  had  givea 
a  sf't  to  the  lead  wire  already  referred  to,  by  twisting  it  Jwff 
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;  round,  the  wire  was  as  elastic  in  its  new  condition  as  be- 
reqniring  the  same  force  to  give  it  a  further  twist,  and 
Bering  itself  as  completely  when  that  force  was  withdrawn, 
le  limits  of  elasticity  have  been  determined  only  in  the  case 
le  elasticity  of  tension.  The  method  of  experimenting  was 
ike  wires  of  any  length,  but  whose  section  was  equal  to 
square  millimetre,  and  to  determine  the  amount  of  weight 
irod  to  extend  them  permanently  0.05  m.  m.  for  each 
e  of  length.  This  investigation  was  more  difficult  than 
Id  appear,  on  account  of  the  fact  that  the  duration  of  the 
n  has  an  important  influence  on  the  permanent  elongation 
h  results  ;  for,  when  once  commenced,  this  elongation  slowly 
^ases,  and  although  it  may  not  be  sensible  at  the  end  of  a  few 
ites,  yet  after  several  hours  it  may  become  very  evident, 
principle  is  illustrated  by  tlie  well-known  facts,  that  the  best 
igs  are  worn  out  with  long  use,  that  the  beams  of  floors  bend 
)  by  little,  and  that  buildings  settle  with  time.  The  limit  of 
icity  is  not,  therefore,  a  value  which  can  be  rigorously  de- 
liued,  and  hence  the  numbers  in  the  following  table  must  be 
rded  as  only  approximate. 


id,. 

1.1. 

)per, 

n,   •     . 
t-Steel, 


iDrewn, 
Annealed, 
Drawn, 
Annealed, 
Drawn, 
Annealed, 

1  Drawn, 
Annealed, 
1  Drawn, 
Annealed, 
1  Drawn, 
Annealed, 
Drawn, 
Annealed, 

(Drawn, 
Annealed, 


! 


Limit  of  BiMtioltjr. 

Tmmdty. 

k. 

k. 

0.25 

2.50 

0.20 

1.80 

0.40 

2.45 

0.20 

1.70 

13.00 

•27.00 

3.00 

10.08 

11.00 

29.00 

2.50 

16.02 

12.00 

40.30 

3.00 

30.54 

26.00 

84.10 

14.00 

23.50 

32.50 

61.10 

6.00 

46.88 

55.60 

80.00 

5.00 

65.70 

08.)  Elasticity  of  Crystals.  —  In  most  crystalline  solids 
elasticity  is  not  the  same  in  all  directions,  as  is  shown  by  the 
omena  of  cleavage  (110).     By  a  beautiful  application  of  the 
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principles  of  acouBtics,  Savart*  has  determined  in  a  few  in- 
Etances  the  diScrencea  of  elasticity  which  the  same  ciyetala 
present,  when  examined  on  difTereiit  lines  of  direction  with 
reference  to  their^rybtalline  axes.  As  neither  the  metliods  nw 
tlie  results  of  his  investigations  could  be  made  intelligible  in 
this  connection,  we  must  refer  the  student  to  the  memoirs  cited 
below.  These  differences  of  elasticity  in  crystals  give  rise  to 
some  of  the  most  beautiful  phenomena  of  optics,  and  we  shall 
have  occasion  to  refer  to  the  subject  again  in  that  connection. 

(109.)  Collision  of  Elastic  Bodies.  —  The  effects  of  collision, 
described  in  (41),  are  greatly  modified  when  the  bodies  are  elas- 
tic, and  in  a  way  which  it  is  im- 
portant to  study.  Let  us  tliea 
suppose,  in  order  to  make  tlie 
case  simple,  that  the  bodies  &re 
two   elastic   spheres,  a  and  b, 

Fig.  203,  with  different  masses. 

n,.  808,  M  and  JMT ',  which  are  moving  in 

the  same  direction,  from  left  to 
right,  with  the  velocities  t)  and  b'  re- 
spectively, 0  being  greater  than  b'- 
When  the  balls  come  together,  they  will 
flatten  each  other  (Fig.  204),  until  the 
velocities  of  the  two  become  equal.  If 
the  bodies  are  soft,  this  flattening  will 
be  permanent,  and  the  balls  will  move 
on  together  with  a  velocity  which,  as  we  have  found,  [23,]  is 

"    —       M-\-M'     ■  l"-^-] 

If  the  bodies,  on  the  contrary,  are  elastic,  and  the  limit  of  elas- 
ticity is  not  exceeded  during  the  impact,  we  have  the  same  result 
ns  before  u]»  to  the  moment  of  greatest  flattening,  and  at  tlint 
moment  the  velocity  is  O",  as  given  above.  But  after  this  monient 
a  new  set  of  phenomena  appears.  The  two  balls  thus  flattened 
act  lis  springs,  and  in  resuming  their  original  form  impart  recip- 
rocally to  each  other  as  much  momentum  as  was  expended  in 
profiuciiig  the  compression.     At  the  moment  of  greatest  com- 
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1,  it  is  evident  that  the  ball  a  has  lost  in  Telocity  an 
1;  equal  to  t)  —  t)" ;  and,  on  the  other  hand,  the  ball  b 
ued  in  velocity  an  amount  equal  to  tJ"  —  tJ'.  In  recover- 
form,  the  ball  b  tends  to  drive  a  to  the  left,  and  therefore 
-d  its  motion  ;  and,  on  the  other  hand,  the  ball  a  tends  to 
>  forward,  and  therefore  to  accelerate  its  motion.  More- 
y  the  principle  just  stated,  this  retardation  and  accelera- 
11  be  just  the  same  as  that  caused  between  the  first  contact 
balls  and  the  moment  of  greatest  compression.  Hence, 
le  impact,  the  velocity  of  a  will  be  diminished  by  an 
t  equal  to  2(tj  —  tj"),  and  that  of  b  increased  by  an 
t  equal  to  2  (tj"  —  I)')-  Representing,  then,  the  vcloci- 
3r  the  impact  by  Vq  and  1)|,  wo  have 

=  t)  — 2(t)  — b'O,  and  b.  =  t)'  +  2(t)"  — bO-  [70.] 
sting  the  second  of  these  equations  from  the  first,  we  ob- 

tj,  —  b,  =  b'  —  b.  [71.] 

(nation  shows  that  the  difference  of  velocity  is  the  same 
le  impact  that  it  was  before ;  but  the  relation  has  been  re- 
the  velocity  of  a  being  now  less  than  that  of  b.  Hence 
ITS,  that,  after  the  impact,  the  two  balls  will  recede  from 
her  as  rapidly  as  they  approached  each  other  before ;  and 
true  in  every  case  of  the  impact  of  two  spheres,  when 
re  perfectly  elastic.  In  order  to  find  the  actual  velocities 
npact,  we  have  only  to  substitute  in  [70]  the  value  of  b" 
>y  [23],  when  we  obtain 

r^  _  (M—  M')  b  +  2  M'  b^ 

[72.] 
h  _  (^'  —  ^)  ^'  +  2i/b 

lining  these  values,  we  have  supposed  that  both  balls  were 
J  from  left  to  right,  the  mass  M^  whose  velocity  is  the 
t,  being  at  the  left  of  the  other.  The  same  formulae,  how- 
old  true  for  all  cases  of  direct  impact ;  except  that,  when 
the  balls  is  moving  from  right  to  left,  the  sign  of  its  velocity 
e  changed.  A  few  examples  will  illustrate  the  application 
formulae. 

17* 
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Let  us  suppose,  then,  for  the  first  case,  tliat  the  masses  of  tin 
two  balls  are  equal,  and  that  tlie  ball  b  is  at  rest  We  shall 
then  have  M'  =  M,  and  I)'  =  0.  Substituting  these  Talues  ia 
[72],  we  have 

bo  =  0,  and  t)i  =  tJ.  PS-] 

Hence,  after  the  impact,  the  ball  a  remains  at  rest,  and  tlie  ball 
b  moves  on  with  the  velocity  which  a  had  before  the  impact. 

Let  us  suppose,  as  the  second  case,  that  the  masses  are  equal, 
and  that  the  motions  are  in  opposite  directions,  that  of  a  posi- 
tive, and  that  of  b  negative.  We  shall  then  have  M'  =  J/,  and 
b'  =  —  1)'.     Substituting,  we  obtain 

il,  =  _!)/,       .         and  tJi  =  l).  R-] 

Here,  after  the  impact,  the  ball  a  will  move  from  right  to  left 
vrith  the  previous  velocity 'of  ft,  and  ft  will  move  from  left  to  right 
witli  the  previous  velocity  of  a ;  and  in  general,  trhen  the  masses 
are  equals  the  two  spheres  will  interchange  velocities. 

Let  us  suppose,  as  a  third  case,  that  the  velocities  are  equal,  and 
the  motions  in  opposite  directions,  as  before ;  and  further,  that 
the  mass  of  ft  is  greater  than  that  of  a.  We  then  have  1)  =— "> 
and  M'  >  M,     Substituting,  we  obtain 

In  this  case,  after  the  impact,  the  ball  a  must  always  move  from   | 
right  to  loft,  when,  as  supposed,  M'  >  M,     li  M'  <  3  ilf,  tto 
ball  ft,  after  the  impact,  will  move  from  left  to  right.     If,  l^w- 
.evcr,    iU'  >3  M,   it   will    move   from   right   to   left.     When  ^ 
M'  =  3  M,  we  have 

l)o=2il,  and  ll  =  0;  ['^] 

that  is,  the  ball  a  will  move  from  right  to  left  with  twice  its  pre- 
vious velocity,  and  the  ball  ft  will  remain  at  rest. 

We  can  also  apply  the  formulae  to  the  case  where  an  elastic 
ball  strikes  vertically  on  a  fixed  obstacle,  as  when  an  India- 
rubber  hall  is  let  fall  on  the  ground.  In  this  case,  M'  =  »» 
and  IV  =  0.  Substituting  these  values,  [72]  becomes  ilo  =  —  vi 
that  is,  the  body  moves,  after  impact,  with  the  same  velocity  a» 
before,  but  in  an  opposite  direction.  Hence  the  India-rubber  ball 
should,  by  (22),  rebound  to  the  same  height  from  which  it  fell. 
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9  not  practically  true,  because  the  surface  on  wMch  it  falls 
er  perfectly  elastic,  and,  moreover,  becauw  the  ball  does 
cover  promptly  from  the  compreaeion. 

us  next  suppose  that  the  sphere  strikes  the  obstacle  in  an 
e  direction  (Fig.  205),  and  that  its  velocity  at  the  momeut 
lisioD  is  represented  by  the 

a',  which  represents  also 
rection  of  the  motion.  TItis 
1  is,  by  (24),  equivalent  to 
■thers,  one   in   a   direction 

is  tangent  to  the  surface, 
■  hose  velocity  at  the  mo- 
of   collision    is  represent- 

the  line-tc,  and  another, 

is  normal  to  the  surface, 
fhose  velocity  at  tlie  mo- 
of  collision  is  represented 
:  line  i  n'.  The  lines  i  c 
1'  are  sides  of  a  parallelo- 
of  which  t  a'  is  the  diagonal, 
after  the  impact,  with  the  sac 
action.  The  second  motion,  as  we  have  jiist  seen,  will  be 
:d  by  the  impact  iiito  a  motion  in  the  opposite  direction, 
th  the  same  velocity.  In  order  to  find  the  resulting  path 
locity  of  the  ball  after  the  impact,  we  need  only  to  combine 
two  motions.  For  this  purpose,  we  have  already  drawn 
e  t  c,  which  represents  the  velocity  and  the  direction  of  the 
<niponent.  The  line  in,  drawn  equal  to  the  line  i  n',  and 
ipposite  direction,  will  represent  the  velocity  and  direction 

second  component.  Completing  the  parallelogram  and 
g  its  diagonal,  we  find  that  tlio  body  moves,  after  the  im- 
1  tlie  direction  i  b,  with  a  velocity  represented  by  tlie  length 

line.  Moreover,  since  the  parallelograms  c  n  and  c  »'  are 
their  diagonals  are  also  equal,  —  proving  that  (be  velocity 
he  impact  is  the  same  that  it  was  before.  Further,  since 
in  the  same  plane  as  >  n',  it  follows  that  the  diagonals 
■e  in  the  same  plane,  which  shows  that  after  the  impact  the 
wet  in  the  same  plane  in  which  it  moved  before.  Lastly, 
iws,  from  the  equality  of  the  parallelograms,  that  the  an- 
i  R  and  a'  i  »'  are  equal,  and  consequently  the  angles  b  i» 


The  first  motion  will  con- 
I  velocity,  without  changing 
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and  a  in  are  equal.  Tlio  anglo  ain,  -vliich  tlie  original  dine- 
tion  of  the  mutiou  niakra  vitli  (he  normal  to  the  surface  ot  tbe 
fixed  obiiitacle.  is  called  tlie  anff/e  of  incidence;  and  the  au^ 
b  I  M,  formed  br  the  direction  of  tlie  motion  after  impact  iritb 
tliis  normal,  is  ouUod  the  aiijir'''  of  reflection.  Hence,  the  a^k 
of  incitirnce  is  ei/ual  to  the  UHg^le  of  reflection. 

The  aliMdute  et|uality  of  the  angles  of  incidence  and  refleclin 
ii!  only  realized  when  both  the  body  and  tlie  obstacle  are  perfecii; 
elastic.  Wlieu  this  is  not  tlie  case,  the  component  t  n  is  less  thia 
i  M ,  and  hence  the  angle  bin  greater  than  ain,  the  an^le  of  re- 
flection becoming  greater  in  proportion  to  the  deficiency  of  elas- 
lieity  ;  and  when  the  bodies  arc  unelactic,  it  becomes  equal  to 
90".  Olid  the  bull  mores,  after  the  impact,  in  the  directiou  ic. 
Coni[karu  (,41j. 

Finally,  let  us  suppose  tliat  two  clastic  spheres,  A  and  B,  Fig. 
206,  —  munng  iu  the  same  plane  with  the  different  velocities  0 
_  and  to',  —  meet  each  other  obliqndr. 

In  order  to  find  the  directions  and  to- 
liicitics  of  their  motions  after  ioput, 
we  may  extend  the  mctliod  adopted  ia 
the  case  just  discussed.  We  first  de- 
conipose  the  velocity  of  A,  repre- 
»^>ntcd  by  the  line  nv,  into  two  com- 
|Hincnts  at  right  angles  to  cacli  other, 
M  t'=fl.  and»  r=6.  In  like  niui- 
iier,  we  decompose  the  velocity  of  B  _ 
"'■"'■  into  two  components,  nU'=a\  id 

w  I"  ^  ft'.  It  is  now  evident  that  the  effect  of  collision  will  Mt 
be  felt  in  the  din.>c(ions  «  ('  and  n  U',  since  the  balls  will  Bli4« 
over  each  other  in  the  direction  of  these  components,  and  hec* 
we  shall  obtain  for  the  two  velocities  after  contact  iu  the  din* 
tion  n  for  n  V  two  quantities,  a„  and  a„  equal  to  <i  and  rfifr 
spectivdy.  It  is.  however,  entirely  different  with  the  other  tfo 
comixmeiilj;.  The  velwitics  in  the  directions  %'n  and  !"»  «* 
reversed  and  oliaii^'i-d  by  lUo  collision,  and  we  therefore  seek  bj 
(72)  what  will  lie  the  velwitics  after  the  collision  in  the  direc- 
tions «  V  fur  .1,  and  fi  ("for  S,  and  obtain  two  quantities,  to  and 
Ai.  Lastly,  by  combining  loirt'ther  on  the  principle  of  the  coid- 
position  of  velocities  the  components  Oo  and  b^,  we  shall  oblwii 
the  final  direction  and  velocity  of  A ;  and  by  combining  ai  vai 
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&i,  the  final  direction  and  Telocity  of  B,  This  calculation  can 
easily  be  made  in  any  special  case,  and  does  not,  therefore,  re- 
quire further  illustration.  When  the  masses  of  tlie  two  spheres 
are  equal,  as  follows  from  [74],  they  exchange  velocities  in  the 
directions  n  V  and  n  P,  and,  the  velocities  in  the  directions 
n  U  and  n  Z7'  being  the  same  as  before,  the  calculation  then 
becomes  quite  simple. 

The  laws  of  tlie  collision  of  elastic  bodies  may  be  illustrated 
in  a  great  variety  of  ways  ;  but  tlie  best  of  all  illustrations  is 
found  in  the  game  of  billiards,  which  is  based  almost  entirely 
upon  them.  This  game  is  played  with  balls  of  ivory,  which  are 
in  themselves  elastic,  and  on  a  table  whose  raised  edges  are  cov- 
ered with  elastic  cushions.  The  object  of  tlie  game  is  to  hit 
one  ball  with  another,  set  in  motion  with  a  stick  moved  by  the 
band,  so  that  one  or  both  shall  afterwards  move  toward  a  certain 
point  or  points.  To  effect  this,  in  the  various  positions  of  the 
Wis,  requires  an  empirical  knowledge  of  the  laws  of  tlie  col- 
lision of  elastic  bodies,  and  great  skill  in  their  application.  The 
results  obtained  in  this  game  do  not  conform  exactly  to  the 
theory,  on  account  of  the  imperfect  elasticity  of  the  balls  and 
cushions.  Thus  we  have  seen  [73]  that,  when  an  elastic  body 
encounters  another  of  the  same  mass  at  rest,  the  last  is  set  in 
motion,  and  the  former  remains  stationary.  This  is  not  generally 
the  case  with  billiard-balls,  for  usually  both  balls  move  after 
the  impact ;  but  nevertheless,  when  the  stroke  is  very  sharp,  this 
result  does  at  times  occur.  This  is  probably  owing  to  the  fact, 
that  the  friction  of  the  ball  on  the  cloth  covering  of  the  table, 
the  imperfect  elasticity  of  ivory,  and  other  causes  of  disturbance, 
have  the  least  influence  when  the  ball  is  moving  with  a  [)owerful 
force.  So  also,  when  the  ball  rebounds  from  the  elastic  cushion, 
tlie  angles  of  incidence  and  reflection  are  not  exactly  equal, 
but  they  are  very  nearly  so  when  the  ball  is  diiven  with  a 
powerful  stroke. 

Resistance  to  Rupture. 

(110.)  When  a  rod  is  stretched  in  the  direction  of  its  length, 
with  a  gradually  increasing  force,  it  finally  breaks,  the  force  re- 
qnired  to  break  it  depending  on  the  substance  of  the  rod,  and  its 
size.     The  smallest  weight  required  to  part  it  is  the  measure  of 
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iW  r>sistuMV  o{  the  rod.  ind  tho  weight  required  to  pan  a  rod 
ot  my  s»t>$u;;>.v.  vbr-w  ^j^ction  is  equal  to  oiie  sqiure  milliinetn, 
U  thf  tni<ii»uR.<  o:  im  tfmacitg  of  tliat  eubetauce. 

Tli^  r^-^istaiAV  Jo  rupuire  can  be  couveaientl;  determined  bj 
me&u^r  or  :Iit.>  ovii^uuou^tor.  n^jiniseuled  iu  Fig.  207.    It  coosiEti 


of  an  iron  fraino.  P.  on  which  slide  two  carriages,  a  and  b.  The, 
first  of  thpsc  i»  couiiocted  with  a  powerful  spring,  contained  a 
the  box  H.  Wht>u  thi'  carriage  a  is  drawn  forward,  the  epntif 
is  bent,  and  coiiuininifates  motion  to  the  index,  C,  which  moTei 
on  a  graduated  arc.  and  indicates  in  kilogrammes  the  iota)- 
sity  .»f  the  force.  The  second  carriage,  b,  is  united  with  the 
frame  at  A  hy  means  of  the  screw  o,  and  may  be  moved  fo> 
wari)<i  or  ijackwards  liy  turning  the  liaiidle  M.  Tlie  rest  of  the 
a|>|iaratus  c(>n^i>ls  of  a  train  of  wheels  and  pinions,  which  con- 
nect the  spring  wiili  the  fly-wheel  V,  and  prevent  it  from  flyinS 
back  too  suddenly  when  the  tension  is  removed. 

In  order  to  determine  tho  resistance  to  rvptvre  of  a  given  wirt 
by  means  of  tliis  apparatus,  the  two  ends  of  it  are  fastened  to  tlie 
c;iiTi!i[r<;s  by  means  of  tlio  vices  which  they  carry.  The  handle, 
M,  is  then  slowly  turned  until  the  wire  breaks,  when  the  needle, 
(',  iiitliciites  in  kilogrammes  the  amount  of  force  which  has  pro- 
diicfd  the  rupture. 

lly  nii-inis  iif  this  apparatus,  we  can  easily  establish  the  trutti 
«r  Milt  following  laws:  — 1.  Hie  force  required  to  produtt 
rupture  ix  pro/tori ioaul  to  the  section  of  the  bar.  2.  /(  u  iiufc- 
pemh-.ttt  of  the  length  of  the  bar. 
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In  determining  the  resistance  of  bars  to  rupture^  we  meet 
irith  the  same  difficulty  already  referred  to  in  connection  with 
he  determination  of  the  limit  of  elasticity.  The  rupture  is  not 
»ased  by  the  action  of  a  constant  force.  As  soon  as  the  strain 
exceeds  the  limit  of  elasticity,  the  rod  elongates  little  by  little, 
the  particles  are  at  first  slowly  displaced,  but  finally  they  sud- 
denly separate  and  the  rod  breaks ;  so  tliat  a  moderate  force 
applied  for  a  long  time  will  frequently  cause  the  rupture  of  a  rod 
which  would  resist  a  much  greater  force  applied  for  a  short  time. 
This  slow  diminution  of  tenacity  is  a  fact  to  which  it  is  essential 
to  pay  regard  in  the  construction  of  buildings. 

(111.)  TetMcity.  —  The  tenacity  of  a  substance  is  the  resist- 
ance to  rupture,  measured  in  kilogrammes,  which  a  rod  will  ex- 
ert, whose  section  is  just  one  square  millimetre.  In  determining 
the  tenacity  of  solids,  we  nlay  obviously  experiment  on  rods  or 
^ire  of  any  convenient  size,  the  area  of  whose  section  is  known, 
ftud  then  calculate  the  tenacity  by  the  principles  of  the  last  sec- 
tion. The  tenacity 'of  the  different  metals  differs  very  greatly, 
between  that  of  lead,  in  which  it  is  very  feeble,  and  that  of  steel, 
rtiich  has  the  greatest  tenacity  of  all,  as  will  be  seen  by  referring 
<o  the  table  on  page  195,  in  which  the  tenacity  of  the  useful 
Kietals  is  given  at  the  side  of  the  numbers  expressing  the  limit 
if  elasticity.  It  will  also  be  noticed,  that  there  is  a  very  great 
liflference  between  the  tenacity  of  the  same  substance  when 
Irawn  into  wire  and  when  annealed,  it  being  greatest  in  the 
5rst  condition.  The  process  of  drawing  wire  will  be  described 
in  (113).  The  change  of  form  which  it  produces  is  accompa- 
nied by  another  very  curious  result.  Although  the  particles  of 
the  wire  are  really  less  close  together  after  the  operation  of 
drawing'  than  they  were  before,  yet  they  hold  together  more 
firmly,  so  that  the  tenacity  of  tlie  wire  is  greatly  increased. 
The  cohesion  of  iron  is  increased,  in  drawing,  to  a  very  remark- 
able degree,  so  that  fine  iron  wire  is  the  most  tenacious  of  all 
materials.  ^^  Thus  a  bar  one  inch  square  of  the  best  cast-iron 
may  be  extended  by  a  weight  of  nine  tons  and  three  quarters ; 
a  bar  of  the  same  size  of  the  best  wrought-iron  will  sustain  a 
▼eight  of  thirty  tons ;  a  bundle  of  wires  one  tenth  of  an  inch  in 
diameter,  of  such  size  as  to  have  the  same  quantity  of  material, 
will  sustain  a  weight  of  from  thirty-six  to  forty  tons  ;  and  if  the 
▼ire  be  drawn  more  finely,  so  as  to  have  a  diameter  of  only  one 
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twentieth  or  one  thirtieth  of  in  inch,  a  bundle  «»^ii^ 
eame  quantity  of  material  will  sustain  a  weight  ^^.^^^^ 
ninety  tons.  *'•  Hence  cables  made  of  fine  inm  ▼«  ^'^ 
gether  wiU  sustain  a  far  greater  weight  than  *^JJ^ 
the  ^me  quaniiiy  of  iron.^   The  cables  of  suspension  Widpi 

usually  made  in  this  way.  __u*«-i.i 

(n±)   Cieara^e.  —  ln  crystalline  bodies,  the  «""^ 
rupture  is  not  equally  great  in  all  directions,    MostCj 
bodies  are  found  to  break  most  readily  in  certain  planes 
a  more  or  less  smo<:»th  fracture  or  cleavage,  while,  in«j^ 
broken  in  any  other  direction,  the  fracture  is  rough  and. 
These  planes  are  called  planes  of  cleavage.    They  are 
parallel  either  to  actual  faces  on  the  crystal,  or  to  P^^T 
Cleavage  can  generally  be  reproduced  on  the  same  ^^^7**"^^ 
indefinite  extent,  in  planes  pai-allel  to  each  other,  thus  arr« 
the  crystal  into  a  scries  of  thin  laminffi.     Generally  tlie 
crystal  may  be  cleaved  in  several  directions,  and  the  «J^*^  * 
several  planes  of  cleavage  forms  what  is  called  a  solid  of 
offCj  which  is  constant  for  the  same  substance,  and  is  ^^^^ 
of  the  simple  forms  of  ilie  system  to  which  the  crystal 
Compare  (98). 

Crystals  differ  very  greatly  from  each  other  in  the  facility 
which  th(jy  may  be  cleaved.  In  some  cases,  tlie  lanun»  can 
Hopuratcd  by  the  fingers.  This  is  the  case  with  mica  and  scw 
other  minerals.  At  other  times,  a  slight  blow  of  the  hammer 
required,  as,  for  example,  with  galena  and  calc-spar ;  ^'^"®^' 
uhrreciuently  cleavage  can  be  obtained  only  by  using  some  - 
ciittihjr.tooi  and  a  hammer.  When  other  means  fail,  it  can 
tiim^H  bo  eflbcted  by  heating  the  crystal  and  immersing  it  w 
hot  in  cold  water.  When  cleavage  is  easily  obtained,  it  is  saidi 
Ih^  vminvnt.  ^   , 

lu  rrystals  of  the  Monometric  System,  cleavage  is  obtaM 
with  iMiual  eiUKO  in  the  direction  of  any  one  of  tlie  planes  of  de* 
ago  ;  hilt  in  crystals  of  the  other  systems,  cleavage  is  obtaaj 
with  rqiial  ease  only  in  jJanes  which  are  parallel  to  the  sun* 
pianos  of  tho  crystal.  The  cubic  cr)'stals  of  galena,  for  exampl 
whii^h  boUuijr  to  the  Monometric  System,  may  be  cleaved  with  eq« 
ivmliuoss  in  either  of  the  three  directions  which  are  parallel 
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ftces  of  the  cube.     On  the  other  hand,  the  crystals  of  gypsum, 
belong  to  the  Monoclinic  System,  may  be  cleaved  with 
fiEtcility  in  one  direction,  less  readily  in  a  second,  and  only 
some  difficulty  in  a  third ;  in  thick  crystals,  the  last  two 
are  scarcely  attainable. 
I  The  general  laws  with  respect  to  cleavage  are  stated  by  Pro- 
Dana*  as  follows :  — 

Cleavage  in  crystals  of  the  same  species  yields  the  same 
and  angles. 

Cleavage  is  obtained  with  eqtbal  ease  or  difficulty  parallel 
vr  faces y  and  with  unequal  ease  or  difficulty  parallel  to 
\r  faces. 
Cleavage  parallel  to  similar  planes  affords  pla/nes  of  similar 
and  appearance,  and  the  converse. 
118.)  Ductility  and  Malleability.  —  Some  substances  will 
allow  a  permanent  displacement  of  their  molecules,  and 
wlienever  the  strain  exceeds  the  limit  of  elasticity.  Such 
Lces  are  called  brittle  bodies,  and  to  this  class  belong 
tempered  steel,  marble,  sulphur,  and  many  others.  There 
\iribiQT  substances,  on  the  conti*ary,  which,  when  submitted  to 
los  mechanical  processes,  allow  a  permanent  displacement, 
or  less  considerable,  of  their  molecules,  which  then  assume 
positions  of  equilibrium.  This  property  is  possessed  in  a 
degree  by  the  metals,  and  is  called  ductility  or  malleability , 
irding  as  it  is  applied  in  drawing  out  wire,  or  in  reducing 
b  metal  to  sheets  and  leaves  in  a  rolling-mill  or  under  the 
pjtamer. 

tfthe  machine  for  drawing  wire  consists  essentially  of  a  plate 
I  hardened  steel  pierced  with  a  number  of  conical  holes  of  dif- 
lieiit  sizes.  Through  one  of  these  holes  is  passed  the  end  of  a 
llic  rod,  which  has  been  reduced  in  size  for  the  purpose. 
end  is  tlien  seized  with  a  pair  of  pliers  and  pulled  with  con- 
Ae  force.  In  being  thus  forced  through  the  hole,  the  rod 
lengthened,  and  diminished  in  size.  It  is  then  passed 
|r  fike  manner  through  a  smaller  hole,  and  thus  successively, 
jlllO  the  wire  is  reduced  to  the  requisite  fineness.  Fig.  208 
k  a  representation  of  a  mill  used  for  drawing  iron  wire.  The 
iDarser  wire  is  unwound  from   the   reel  F,  and,  after  having 

*  System  of  Mineralogy,  Vol.  I.  p.  103. 

18 


CHEUlCih  FHTBIC8. 


passed  die  drawing-plate  A  B,  is  received  on  the  drum  C,  to 
which  the  force  is  applied  through  the  cog-wheels  r  p,  n  q  {tK 
Pig.  209). 

In  order  that  a  substance  should  read- 
ilj  yield  to  this  mechanical  action,  it  U 
evidently  essential,  not  only  that  its  pu<- 
tides  should  have  the  power  of  readily 
changing  their  position,  but  also  that  it 
should  he  endowed  with  great  tenacity- 
Hence  those  metals  whose  particles  ad- 
mit most  readily  of  change  of  poatioo 
are  not  necessarily  the  most  ductile. 

A  rolling-mill  consists  of  two  Bted 
rollers,  arranged  as  represented  in  Fig. 
210,  so  that  their  distance  apart  cao  be 
varied  at  pleasure,  and  so  that  they  may 
be  turned  together  in  unison,  but  in  op- 
posite directions.  The  plate  of  metal  ii 
applied  between  the  two  rollers,  and  is  forced  to  accommodate  it* 
thickness  to  the  distance  between  them,  which  is  adjusted  sou 
to  he  a  little  less  than  the  thickness  of  the  plate.  This  distanca 
may  then  be  diminished,  and  the  process  repeated  until  the  thick- 
ness of  the  i>late  is  reduced  to  the  desired  amount. 

Many  of  the  metals  can  be  reduced  to  leaves  of  exceeding  te- 
nuity under  the  hammer.  It  is  in  this  way  that  the  goldleaf 
used  in  gilding  is  prepared.  The  gold  plate  is  first  reduced  i« 
a  rolling-mill  to  the  thickness  of  about  one  millimetre.     Severil 
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if  these  plates  are  now  piled  on  each  other,  and  spread  out  by 
■eating  the  pile  with  a  heavy  mallet  until  they  are  reduced  to 
lie  thickness  of  a  sheet  of  paper.  The  leaves  are  next  separated 
rom  each  other  by  sheets  of  paper,  and  the  pile  beaten  again, 
inally,  the  sheets  of  paper  are  replaced  by  others  made  of  gold- 
saters'  skin.  In  this,  as  In  all  similar  processes,  the  metal  be- 
imes  brittle,  and  vould  infallibly  break  or  tear  were  it  not 
sqaently  reannealed.  The  process  of  annealing  consists  in 
latiog  the  substance  to  a  high  temperature,  and  then  allow- 
i;  it  to  cool  very  slowly. 

The  relative  malleability  of  the  metals  is  not  the  same  when 
mmered  as  when  rolled,  and  the  diflerence  appears  to  arise 
im  the  sudden  shocks  which  accompany  the  blows  of  the  ham- 
3r.  In  the  following  table,  the  relative  malleability  of  the 
eful  metals  by  both  methods  is  given  side  by  side,  together 
th  tlie  relative  tenacity  and  ductility.  A  comparison  of  the 
lumns  will  illustrate  what  has  been  stated  above. 


taaur. 

Ih»tlHlj. 

Uwmv. 

Ri>mi«-iuu. 

Inm 

Platinum 

Lead 

Gold 

Cpp™ 

Silver 

Tin 

Silver 

PlMlnm 

Iron 

Gold 

Copper 

Silver 

Copper 

Zinc 

Tin 

Zinc 

Gold 

Silver 

I««d 

GoU 

Zinc 

Copper 

Zinc 

Lead 

Tin 

Platinnm 

Plelinnm 

Tin 

Lend 

Iron 

Iron 

The  action  of  heat  modifies,  in  a  most  marked  manner,  both  the 
ictOity  and  malleability  of  many  bodies.     Iron,  for  example,  is 


5M 

'"irr  3iaZ>aiiie  as  &  r*?i  jesc  jxui  in  this  wfitioa  it  can  be  read- 
aj  jirz^  'iir  rulnfi  uiai  s&tKQ.  GIsias.  aoin,  vfaich  b  brittle  at 
t\tt  cri.  uuT  >mLD«ca;3r».  i»  a«^A  malLaible  and  ductile  to  the 
h:2t>^c  Ik^tt^  ic  A  r^«i  hieas.  Coffpn-.  oa  the  ocher  bjuid,  is  most 
tcjullf^^.wtt  TOf^a  '^ii^L  an^i  znu:  euuift)C  be  roQed  oal  with  success 
ezf^oc  c^rv-^a  c^jd  uexnoienfares  of  lo'iX'  and  150^  C.    Above 

Tl*=;  i:iaIL'»al^i*^  znjculi  are  capable  of  receiTing  impressions  from 

hlf^wH :  a  Dpjc^rtT  wLi*:h  15  coadnoaUr  made  use  of  in  varioas 
pro^re-^^r^  o?  tl.e  irt*.  The  processes  of  Clamping  coins  and  em- 
^j<rt*i:.z  f.^ir-^*  o?»  sTirSices  of  Tarions  kinds  are  an  illustration  of 
the  {i^f:X.  The  impressioQ  is  made  bj  means  of  a  die,  in  which  the 
de<-iirri  i^  *'i:*k,  JTiat  as  the  roiled  impression  which  the  wax  is  to 
prew:i*t  U  Miiik  in  the  seil.  The  die,  which  is  made  of  the  hardest 
ftteeK  13  force*!  di>wn  upijn  the  bkiuk  coin  by  means  of  a  powerful 
hcrew  or  l^iver,  and  ibe  metal  of  the  coin,  being  comparatiTely 
m%  is  driven  with  great  force  into  the  cavities  of  the  die,  and  i 
retains  the  impression.  ] 

A 

I 

Hardness. 

014.)  Scale  of  Hardness.  —  Hardness  is  the  resistance  which    j 
b^Klies  oppose  to  being  scratched  or  worn  by  other  bodies.    Of    ] 
two  substances,  tliat  one  is  said  to  be  the  hardest  which  will    = 
wiratch   tlie  other.     The  hardness  of  a  body  is  closely  related    = 
to  its  ductility  and  tenacity,  all  circumstances  which  increase 
tho  ductility  or  diminish  the  tenacity  rendering  the  body  softer, 
and  tlw!  njvrjrso.     In  order  to  distinguish  a  harder  body  from  a 
Moftnr,  wo  (jither  attempt  to  scratch  the  one  with  the  other,  or  we 
try  (Mic-h  with   a  lilc.     The  last  method  is  generally  to  be  pre- 
rnrird  ;  hut  l)oth  should  be  employed  when  practicable,  since 
Honin  hodii^s  '*  give  a  low  hardness  under  thejile^  owing  either  to 
lnipurifii»H  or  iuipcrfoct  aggregation  of  the  particles,  while  they 
Mrnifch  a  hunior  spocies,  —  showing  that  the  particles  are  hard, 
nllhou^:h  lo()s(»ly  ajicgregatcd."  * 

lliirdui^ss  is  an  important  character  of  a  substance,  and  ifl 
nnu'h  usiMi  hy  mineralogists  as  a  means  of  distinguishing  between 
niihiM'al  Npivios,  In  order  to  fix  a  common  standard  of  compari- 
Mon.  thi>  distiniruishod  Gorman  mineralogist.  Mobs,  introduced  a 
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le  of  hardness.  This  scale  consisted  of  ten  minerals,  wliich 
iduallj  increase  in  hardness,  marked  froih  1  to  10.  It  has 
en  since  modified  by  Breithaupt,  who  has  introduced  two  ad- 
tional  degrees  of  hardness,  one  between  2  and  8,  the  other 
itween  5  and  6,  as  these  intervals  were  larger  than  the  rest. 
■he  numbers  of  Mohs,  however,  have  been  retained.  The  scale 
J  as  follows  :  — 

1.  Talc  ;  common  laminated,  light-green  variety. 

2.  Gypsum  ;  a  crystallized  variety. 
2.5.  Mica ;  variety  from  Zinnwald. 

3.  CalcUe ;  transparent  variety. 

4.  Fluor- Spar ;  crystalline  variety. 

5.  Apatite;  transparent  variety. 
5.5.  Scapolite ;  crystalline  variety. 

6.  Felspar  (orthoclase)  ;  white,  cleavable  variety* 

7.  Quartz;  transparent. 

8.  Topaz;  transparent. 

9.  Sapphire ;  cleavable  varieties. 
10.     Diamond. 

In  deterniiillug  the  hardness  of  a  mineral,  we  draw  a  file  over 
with  considerable  pressure.  If  the  file  abrades  the  mhieral 
ith  the  same  ease  as  No.  4,  and  produces  an  equal  depth  of 
>rasion  with  the  same  force,  the  hardness  is  said  to  be  4 ;  if  less 
ladily  than  4,  but  more  readily  than  5,  it  is  said  to  be  between 
and  5  (written  4  -  5)  ;  or  we  may  determine  it  with  more  accu- 
icy  as  4.25  or  4.50.  Several  successive  trials  should  be  made, 
i  order  to  insure  accuracy,  and  the  student  should  practise  him- 
Jf  in  the  use  of  the  file  with  specimens  of  known  hardness, 
Dtil  he  can  obtain  constant  results.* 

(115.)  Scferometer. — In  testing  the  hardness  of  the  dissim- 
ar  laces  of  the  crystal,  very  marked  differences  are  frequently 
bflerved.  Differences  may  also  be  perceived  on  the  same  face 
ten  examined  in  different  directions.  For  the  purpose  of 
measuring  with  great  accuracy  the  differences  in  hardness  which 
tw  faces  of  a  crystal  present,  an  apparatus  has  been  contrived 
J  Grailich  f  and  Pekarek,  called  a   sclerometer.     It  consists 

•  Boxes  containing  the  twelve  minerals  of  the  Mohs  scale  can  be  procured  from 
tdealen  in  philosophical  apparatus. 

t  SitEon^herichte  der  mathem.-natnrw.  Classe  der  kais.  Akad.  der  Wissen.,  ( Wien, 
Bi,)  Band  XUI.  s.  410. 
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eseentiallf  of  a  hard  Bteel  point  attached  to  the  under  dde,  it 
one  end,  of  &  balance  beam,  vliieh  is  carefully  poised  on  its 
knife-edge.  Above  tlie  point,  and  on  the  upper  nde  of  the  beam, 
there  is  a  pan  to  receive  weiglits,  by  which  the  steel  point  nuy 
be  prcsBed  down  upon  the  face  of  a  crystal  with  a  regulated 
force.  At  the  other  end  of  the  beam  there  is  fostened  «  spiril- 
level,  and  the  whole  is  so  adjusted  that  the  beam — vith  tbe 
point  and  pun  at  one  end,  and  with  tho  spirit-level  at  the  other 
—  is  just  in  cijuilihvium. 

By  means  uf  the  sclcrumetcr,  it  appears,  for  example,  that  the 
rhonibolicdijil  facos  of  crystals  of  calcite,  r  (Fig.  211),  are  Bofter 


Hg.  nil.  Kg.  nt^ 

than  the  end  faces,  a.  It  lias  also  been  found  that  the  hardDCH 
is  not  the  same  in  all  directions  on  tho  rhombohcdral  face.  Froa 
a  scries  of  determinations  made  by  Grailich  and  Pek&rek  irilh 
their  sclcroinctor,  it  appears  that  the  greatest  hardness  is  id  the 
direction  of  the  shorter  diagonal  of  the  face,  from  C  to£(F^ 
212"),  and  the  least  liardness  in  the  opposite  direction,  from  E  to 
C  on  the  sumo  diiigonal.  The  weights  required  in  the  pan  above 
the  hard  point,  in  order  to  scratch  the  face  in  various  directioitli. 
were  as  follows  :  — 

ADfl'*  Wd(lit. 

o'  ShorttT  >linf!i)n])l  lW)m  C  lo  E,  266  ceDtigrammee. 

:W  Pen»'niliciil.ir  to  fd'-K  J".  2oO  » 

.■.I"  l'!ir.ill.-l  to  wljii-  :.  213 

•.>!»'  I,„iipT  «li!tpiiiiil  from  E  to  C.  152  " 

li'y  PjiniiK-I  to  ...Ip' r.  1S5 

Ml'  r.-nx-mlinilar  to  wljn-  r.  126  « 

18a'  StioriiT  ai:i?»>i.!il  from  £■  ro  r.  96  « 

Those  minilHTs  are  in  each  case  the  mean  of  several  observti- 
lions.     Similar  dilTorinu'i's  have  Wen  observed  on  a  targe  number 


V  i!vk>H'  Hind*  bv  :ho  giTvs  dinvtion  witfa  the  Bhoner  dkgcnd. 


THE  THBEE  STATES  OF  HATTER.  211 

other  crystals,  and  they  lead  to  the  following  general  con- 
asions :  — 

1.  That  the  hardest  planes  of  a  crystal  arc  those  which  are 
)rpendicalar  to  the  plane  of  most  perfect  cleavage.* 

2.  That  on  a  ^ven  plane  the  direction  of  greatest  hardness  is 
tiat  which  is  most  inclined  to  the  direction  of  most  perfect 
leavage. 

(116.)  Annealing  and  Tempering.  —  The  hardness  of  many 
(Qbstances  may  be  greatly  modified  by  the  action  of  heat,  and  by 
nirioas  mechanical  processes.  The  e£fects  of  change  of  tempera- 
inre  111  varying  the  degree  of  hardness  are  most  important  in  re- 
;ard  to  steel,  since  it  is  on  this  influence  that  the  application  of 
teel  ta  io  great  a  variety  of  useful  purposes  depends.  If  steel 
\  heateJi tea  red  heat,  and  then  very  slowly  cooled,  it  becomes 
Qctile^/^JBOriUe,  soft,  and  comparatively  unelastic*  This  pro- 
^  is  elBad  mimealinffj  and,  when  thus  annealed,  steel  can  read- 
Y  be  dfMU'  into  wire,  rolled  into  sheets,  or  manufactured  into 
s  nimieraidi  nsefiil  forms.  If,  however,  the  articles  thus  manu- 
ictured  are  heated  to  a  white  heat,  and  then  suddenly  cooled  by 
longing  them  into  water  or  mercury,  the  steel  becomes  very 
ird,  brittle,  highly  elastic,  and  less  dense. 
In  its  state  of  greatest  hardness,  steel  is  scarcely  fit  for  any 
nrposes  in  tlie  arts,  since  it  is  so  brittle  that  its  points  or  edges 
re  broken  by  a  very  slight  resistance.  But  by  reheating  it  to  a 
ttwer  temperature,  and  then  slowly  cooling  it,  this  extreme 
ordness  may  be  reduced,  and  the  flexibility  of  the  steel  propor- 
ionally  increased.  The  amount  of  the  reduction  is  greater,  the 
igher  the  temperature  to  which  the  articles  are  heated,  and  if 
beated  to  a  red  heat,  they  again  become  soft. 

This  process  of  reheating  is  termed  letting  down  or  tempering^ 
and  the  workman  is  guided  to  the  effects  he  wishes  to  produce  by 
tte  changes  of  color  which  the  surface  of  polished  steel  exhibits 
tt  different  temperatures.  The  tints  which  correspond  approxi- 
Biatively  to  the  different  temperatures  are  as  follows  :  — 

Light  straw,       220*^         Violet-yellow,  265*>         Blue,  293^ 

Golden-yellow,  230^         Purple-violet,  277^         Deep  Blue,  317^ 
Oninge-yeUow,  240*^    *     Feeble  blue,     288^         Sea-green,    330^ 

*  Lehrtmch  der  Krystallographie  yon  Miller  ubersetzt  und  erweitert  darch  Dr.  J. 
<haich,  (Wien,  1S56,)  Sdte  229. 
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Th-?  hariio5t  sti>^l  is  used  for  little  else  than  the  making  of  dies 
for  'j'v::::.;^.  Tlie  >tr.-ol  of  the  hardest  files  is  but  little  let  dowiL 
Tl.;-  r.r>:  -Iia.ie  of  yellow  indicates  that  the  reheating  has  been 
■j;!::  •■  i  ^ur:  ::■.  r.tlj  far  for  lancet  and.  other  small  surgeons*  instru- 
:ii ::.:.-.  :i  t^-'.^Ai  liie  keenest  edge  is  required.  Razor  and  pen- 
k:-.:'?  ■  1- ■■r^  arv?  heated  until  they  exhibit  a  light  straw-color. 
S\:i->..  :>.  ^I.  :ar^.  and  eiii^el?,  in  which  a  greater  tenacity  is  required, 
a:-*  : :  :v ;  •  >.  -  i  a:  tiio  fiiM  s^hado  of  orange.  Table  cutlery,  in  wliich 
ri.  \.  .l.:v  :<  ::;nr>}  d»:*5iral»le  than  the  hardness,  which  would  give* 
n:.:  ::  ■.■-:::I,»  ■Ld^\  are  heated  to  the  violet.  Watch-springs  are 
h.\.:  '[  :  .  A  :';:il  Muo,  and  coach-springs  to  a  deep  blue.  In  many 
ru-L:.*..'.... :.»r:c5  iho  temjier  is  given  by  immersing  tlic  hardened 
>:.\1  .•.r:;.lo:<  in  a  Imth  of  mercury  or  oil,  tlie  heat  of  which  can 
Iv  cx:u:;v  n^srulaied  bv  a  thermometer.  The  bath  is  heated  up 
to  t!.:  r>.-;'.::rvd  tom{»erature,  and  then  allowed  to  cool  slowly,  j 
Ii;  ;!.■>  wj.v,  ;::iv  r.uuilK?r  of  articles  which  are  to  receive  ibc  j 
xir.;^  : .  ::i;vr  nuiy  l*o  etjuably  heated  and  gradually  cooled.  -; 

M,>:  ^.''.Ii'T  uioraU  are  acted  upon  by  heat  and  cold  in  sodm- 
wi...:  ti;o  ^;uuo  uianuor,  although  to  a  much  less  degree.  Copper, 
how.;\\r.  :<  a  ivuiarkable  exception  to  the  rule,  its  propertia 
Ki  j:  cx.u':Iv  t!-.o  n^vor^e  of  tlioj^c  of  steel;  for  when  eookd 
>I.'\\!y  i:  :■.  o.-m'*-;  liLr.d  and  brittle,  but  when  cooled  i-apidlv,soft 
a:ii  r.uiV.o.;  lo.  This  <;une  proiH?rty  is  possessed  to  a  ^till  liiglwr 
doc'.vv  I'v  :-*\\iZf\  wliicli  i>  an  alloy  of  cop[>er  and  tin. 

li'..i>s  i;:iiiori:oo>,  fivm  iho  sioliou  of  heat  and  cold,  the  same 
^.h.K.^os  as  >iool.  Wlion  heated  to  a  red  heat,  and  suddenly 
vwloii.  it  l-^wMuos  moiv  brittle,  hairier,  and  lees  dense  than  in  its 
aiir.v\iIovi  ».o:u;i;io:i.  When  a  glass  vessel  is  first  blown,  it  cools 
rap-.alv  ;\:ui  invcularlv,  and  the  varvinj?  hardness  of  its  different 
par:<  j:.\os  t.>  it  suoh  a  degree  of  brittleness,  that  the  slightest 
sho.  \  »  :■  a  stnall  chanjre  of  temperature  would  break  it.  In 
orii  -.-  :,^  provoiit  this,  it  is  annealed,  by  passing  it  through  along 
fu;;.;-v  v\  or*  whwh  i\w  boat  is  very  great  at  one  end  and  slowly 
diir.".ui-l;o>i  i^^w.ir.is  il:o  i»iher,  and  it  is  thus  cooled  gradually  and 

T\w  projvriios  of  unannealed  glass  are  illustinteil 

y^  by  Priiu^o  l\u}vri's  drops.     These  are  made  by  drop- 

/(  I'injT  niohod  irlass  into  water,  which  of  course  cools 

\§  thoni  suiidouly,  and  gives  to  the  glass  a  high  degree  of 

■^  ai»        haniiiess  and  a  projwrtionate  brittleness.    They  have  a 
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ong  OYal  form,  tapering  to  a  point  at  one  end  (Fig.  213).  The 
body  of  the  drop  is  so  hard  that  it  will  bear  a  smart  stroke ;  but 
if  a  portion  be  broken  off  from  the  small  end,  the  whole  imme- 
diately flies  into  minute  particles  with  a  loud  snap. 

The  cause  of  the  changes  in  hardness  produced  by  the  action 

of  heat  has  not  been  as  yet  satisfactorily  explained.    The  expla* 

Mtion  usually  given  is  this.     When  a  bar  of  steel  highly  heated, 

md  hence  greatly  expanded,  is  immersed  in  cold  water,  the  ex- 

tttior  layers  suddenly  contract,  and  are  compelled  to  adapt  them- 

adres,  by  a  permanent  displacement  of  their  molecules,  to  the 

fore,  which  is  still  in  an  expanded  state  within.     Subsequently, 

iben  the  interior  of  the  mass  cools,  its  particles  cannot  approach 

Mch  other  freely,  because  they  are  more  or  less  united  to  the  ex- 

:  tantal  crust,  which  has  been  already  fixed  in  position.    Hence, 

fliese  particles  remain  in  a  state  of  tension,  and  this  is  supposed 

ta  give  rise  to  the  peculiar  change  of  properties. 

Were  this  explanation  correct,  the  effects  of  a  sudden  change 
of  temperature  ought  to  be  greatest  on  thick  bars  of  steel,  but  in 
fKt  the  reverse  is  the  case.  The  change  is  most  probably  con- 
Msted  with  the  phenomena  of  dimorphism  (98),  but  in  what  way 
ii  not  yet  understood. 

Most  metals  are  hardened,  not  only  by  sudden  cooling,  but  also 
Vf  such  mechanical  processes  as  tend  to  condense  them  perma- 
nently, and  thus  increase  their  density.  The  processes  of  stamp- 
iig  coin,  of  wire-drawing,  of  rolling  out  metallic  plates,  and  of 
bunmering,  are  all  evidently  of  this  nature.  This  change  is 
tsually  called  hammer-hardening^  and  its  effects  are  the  same  on 
tlmost  all  ductile  bodies.  They  become  denser,  more  tenacious, 
Wder,  more  brittle,  and  more  elastic.  All  these  effects  can  be 
lemoved  by  annealing ;  and  hence  the  necessity  of  continually 
manealing  the  metals,  during  the  processes  just  mentioned. 

PROBLEMS. 

Elasticity  of  Tension. 

91.  A  rectangular  iron  bar  2  m.  in  length,  and  whose  section  is  equal 
fc>2crml*,  is  suspended  by  its  upper  extremity  to  a  firm  support,  and  to 
,*1»  lower  extremity  is  attached  a  weight  of  1,000  kilog.     How  much  is  it 
;  fciDporarily  elongated  by  the  strain,  w^hen  the  temperature  is  15°  ? 

92.  An  annealed  iron  wire  2  m.  m.  in  diameter  and  2.25  m.  in  length  is 
,  %!ppnded  as  in  the  last  example.     How  much  weight  is  required  to  elon- 
(Ite  it  0.25  m.  m.,  when  the  temperature  is  15**  ? 
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93.  A  silTer  wire  0.75  m.  m.  in  ^n^g^  ^jod  5  m.  long  is  elongated  bf 
a  weight  0.25  m.  m.  How  gremt  is  this  wei^it  when  the  temperature  i 
15'? 

Temaeiiy. 

94.  With  how  much  weight  in  kilognmmes  most  a  copper  wire  bi 
loaded,  in  order  to  part  it«  when  the  diameter  of  the  wire  is  equal  ii 
1  m.  m.  ?     Calculate  hoth  for  annealed  and  unannealed  wire. 

95.  In  a  pendulum  experiment,  it  18  required  to  suspend  a  weig^rfj 
50  kilog.  by  a  copper  wire.     What  must  be  the  diameter  of  the  wive^  | 
allowing  3^  for  security  beyond  the  diameter  abeolutelj  essential  ?    Od* 
culate  both  for  annealed  and  unannealed  wire. 

Collision  of  Perfeea^  Ebutie  Bodies, 


in  tkejclloving  pnUemu  maritd  mfA  a{^),Ae  aooet  <md  vdodtim  of  the  two  btHtm] 
indicaltdas  (Ascribed  in  (109).  Tkt  ivofMM  is  from  left  to  right,  tmleu  cAe  rvwrai  tiaT 
€ntfd  bjf  a  nepative  ngn.  A  each  prMem  U  is  reqmnd  to  Jind  the  velodtim  of  tfce  ftwiit  | 
after  tkt  impact,  and  also  the  dinetiom  of  the  matiom. 


•96. 

J/ =x  6. 

b  >->  3  m. 

M*  -  17. 

b'  —  1  m. 

*97. 

M  —  10. 

i)»  5m. 

ilf'  — 20. 

b'  —  2.5  m. 

•98. 

Jf  =  10. 

b  =  10  m. 

if'  —  100. 

b'  —  Om. 

•99. 

if  =  20. 

b=  10  m. 

M'  —  10. 

b'  —  — 5m. 

•100. 

M  =  15. 

6  «  16m. 

M'  —  10. 

b'  —       32  m. 

101.  A  ball  whose  mass  is  AT,  with  a  velocity  b,  meets  a  second  bd 
moving  in  the  same  direction^  whose  mass  is  M'.  What  must  be  tte 
velocity  of  the  second  ball,  when  the  first  ball  remains  at  rest  afier  the 
collision  ? 

1 02.  A  ball  strikes  on  a  plane  making  an  angle  of  incidence  equal  to 
60°.     What  will  be  the  angle  of  reflection  when,  in  consequence  of  the  - 
imperfection  of  the  elasticity  both  of  the  plane  and  the  body,  one  third  rf 
the  vertical  velocity  is  lost  by  the  impact  ?     Solve  the  same  problem,  sup- 
posing that  one  fourth  of  the  velocity  is  lost. 

103.  An  elastic  ball  falls  from  the  height  of  2  m.  How  high  will  it  re- 
bound, supposing  that  one  fifth  of  the  final  velocity  is  lost  at  the  impact,  ia 
consequence  of  im|>erfect  elasticity  ? 

104.  Two  p<^rf<M*tly  elastic  balls,  moving  in  the  same  plane,  meet  eadi 
other  obli(|uely.  The  angles  made  by  the  two  directions  of  their  motiott 
with  the  lino  n  ^"(Fig.  206),  lying  in  the  same  plane  and  tangent  to  both 
balls  at  the  point  of  contact,  are  a  =  60**  and  /J  —  30*.  The  masses 
are  M  =  10  and  M'=-  5  ;  the  velocities  are  b  =  2.5  and  b'  =-  5.  B 
is  required  to  find  the  velocities  of  the  two  balls  after  collision,  and  the 
angles  which  the  directions  of  their  motions  make  with  the  given  line. 

105.  Solve  tlie  same  problem  for  the  following  values  :  — 

«  *  40°.     /J  =:  30°.      jlf  =  5.      if  =-  10.     b  «  4  m.     b'  =-  6  o. 
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n.   Characteristic  Properties  of  Liquids. 

(117.)  Mechanical  Condition  of  Lipids.  Fluidity/,  —  Tho 
liquid  has  not,  like  the  solid  (79),  a  definite  form ;  but  it  takes 
khe  form  of  the  vessel  in  which  it  is  placed.  Its  particles  are  in 
a  eondition  of  equilibrium  between  t/ie  attractive  and  repulsive 
forces  (78),  and  instead  of  being  bound  together,  as  in  a  solid, 
they  possess  a  perfect  freedom  of  motion ;  and  under  the  influ- 
ence of  the  slightest  force,  they  move  among  each  other  without 
fiiction  and  without  disturbing  the  general  equilibrium.  This 
mechanical  condition  of  matter  is  termed  fluidity ,  and  belongs 
both  to  liquids  and  gases.  Liquids  are  not,  however,  perfect 
fmdsj  for  there  always  exists  between  their  particles  a  certain 
amount  of  adhesion,  owing  to  an  excess  of  attractive  force  which 
lenders  tliem  more  or  less  viscous.  Between  an  almost  perfect 
fluid,  like  water,  and  a  condition  like  dough,  we  have  every  grade 
of  fluidity.  This  is  illustrated  by  the  well-known  series  of  or- 
ganic acids,  commencing  with  formic  acid  and  ending  with  me- 
lissic  acid.  The  series  consists  of  over  twenty  members,  and  pre- 
sents every  grade  of  condition.  Formic  acid  is  as  fluid  as  water ; 
but  as  we  descend  in  the  series,  the  niunbers  are  found  to  be 
more  and  more  viscous,  becoming  first  oily,  then  soft  fats,  next 
liard  fats,  and  finally  solids,  like  wax. 

(118.)  Elasticity  of  Liquids.  — ►  It  has  already  been  stated 
(76),  that  liquids  are  compressible,  and,  moreover,  that  they  re- 
nune  exactly  their  original  volume  as  soon  as  the  pressure  by 
which  this  was  diminished  is  removed.  It  follows  from  these 
&cts,  that  liquids  are  perfectly  elastic,  and  that  this  elasticity  is 
unlimited  in  extent. 

In  the  early  experiments  on  compressibility  made  by  Oersted, 
it  was  assumed  that  the  capacity  of  the  bulb  A^  of  the  appara- 
tus already  described  (Fig.  214),  remained  invariable.  This  as- 
sumption was  based  on  the  fact,  that  the  walls  of  this  reservoir 
tere  equally  pressed  by  the  fluid  on  both  sides.  It  is  easy, 
however,  to  see  that  this  assumption  is  incorrect ;  for  if  we 
suppose  the  interior  of  the  bulb  to  be  filled  with  solid  glass,  it  is 
evident  that  the  volume  of  the  interior  core,  and  hence  that  of 
the  bulb,  would  be  diminished  by  the  exact  amount  that  this 
^lass  core  would  be  compressed  by  the  given  pressure.  In  such 
I  case,  the  pressure  on  the  exterior  surface  of  the  bulb  would  be 


exactly  balanced  by  the  reactioQ  of  the  glass  core.  I^  nor,  At 
place  of  tlic  glass  core  is  supplied  by  water,  the  pressure  oa  tlia 
exterior  surface  remainiug  the  same,  it  is  evident  that  the  rk- 
tioD  of  the  wuter  core  must  be  exactly  the  mne  as  that  eierted 
by  tli«  glass  core  ;  for  otherwise  the  law  of  action  and  reactioi 
(41)  would  not  bo  obeyed.  The  conditions, then,  with  respectU 
the  bulb,  are  not  changed,  and  it  is  evident  that  its  rolnme  viH 
be  just  as  much  reduced  when  filled  with  water  as  wheu  SIM 
will)  gta^s ;  that  is,  by  the  amount  to  which  a  glass  core  Just  fill- 
ing it  would  bo  compressed  by  the  given  force. 

It  follows  from  this,  that  the  apparent  condensation  of  anyflnid 
under  a  given  pressure,  when  determined  by  the  apparatus  repn- 
sented  in  Pig.  214,  is  not  so  great  as  to 
real  condensaUon,  aud  that  it  is  nece- 
sary  to  correct  the  determinations  thu 
made  by  adding  to  the  observed  compm- 
sion  an  amount  equal  to  the  compm- 
sion,  under  a  given  pressure,  of  ft  gh* 
core  which  would  just  (ill  the  inteiior 
of  the  bulb.  This  amount  can  in  uf 
case  be  calculated  from  data  funii^ 
by  experiments  on  tlie  elougalion  « 
glass  rods  by  tension,  since,  according 
to  M.  Wertheim,  the  diminution,  under 
a  given  pressure,  of  one  cubic  cen- 
timetre of  glass,  in  fractious  of  a  cubie 
centimetre,  is  just  equal  to  llie  elongfr 
tion  of  a  glass  rod  one  centimetre  long) 
in  fractious  of  a  centimetre,  under  u 
equivalent  tension.  M.  Grassi  hM 
carefully  redetermined  the  compressi- 
bility of  several  liquids,  making  use  si 
n(.  til.  an   improved   apparatus   contrived  bf 

Rcgnault,  and  correcting  his  obserrt- 
tions  for  the  compressibility  of  the  reservoir  used  according  to  tba 
formulie  of  Wertlicim.  He  has  also  studied  the  influence  of  ft 
variation  of  temperature  on  the  compressibility,  as  well  as  the 
influence  of  different  pressures.  The  most  important  results  ob- 
tained by  M.  Grassi  are  given  in  the  following  table.  In  everr 
•^Be,  the   numtrers   expressing  the   compressibility  of  a  liquid 
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licate  the  fraction  of  its  Yoliime  by  which  it  is  condensed  when 
kkmitted  to  a  pressure  of  one  atmosphere. 

TcMt  of  the  GoefficieniB  of  Compre$$iha%ty^ 


Presfure  In  Atmot- 

Lhiaid. 

TMaparmtare. 

CompfVMibiUiy. 

pb«rMi,  tram  which 

the  CompreMlbillty 

wu  (tecennioed. 

o 
0.0 

0.00000295 

•       • 

Wsfeer,     .... 

0.0 

0.0000508 

■       • 

M 

•                •                •                ■ 

1.5 

0.0000515 

•       • 

U 

•                               •                               •                               • 

4.1 

0.0000499 

•       • 

u 

•                     •                     •                    • 

10.8 

0.0000480 

•       • 

M 

•               •              •               • 

13.4 

0.0000477 

•       • 

•                •                •                • 

18.0 

0.0000468 

■       ■ 

M 

•               •               •               • 

u 

0.0000460 

•       • 

M 

•                •                •                • 

25.0 

0.0000466 

•       ■ 

M 

•                •               ■                p 

84.5 

0.0000453 

•       • 

•• 

•                              •                              ■                               • 

48.0 

0.0000442 

•       • 

•               •                •                • 

63.0 

0.0000441 

•       • 

Stber 

0.0 

0.00011 I 

8.408 

•               •               •               • 

0.0 

0.000181 

7.820 

m 

•                       •                       •                      ■ 

14.0 

0.000140 

1.580 

•                 •                 •                 • 

13.8 

0.000158 

8.362 

Sdijlk  Alcohol, . 

7.8 

0.0000828 

2.802 

M                      U 

7.8 

0.0000858 

9.450 

*                      **                 .                . 

13.1 

0.0000904 

1.370 

«                      «« 

13.1 

0.0000991 

8.97 

Eethvlic  Alcohol, 

13.5 

0.0000918 

•       • 

Chloroform, 

8.5 

0.0000625 

•       ■ 

«4 

•                   •                   ■                   « 

12.0 

0.0000648 

1.309 

•                                         •                                          • 

12.5 

0.0000763 

9.2 

In  the  case  of  water,  it  was  found  that  the  amount  of  condensa- 
ioQ  was  proportional  to  the  pressure,  and  that  it  diminished 
rten  the  temperature  was  increased.  On  the  other  hand,  it 
ippeared  that  the  compressibility  of  alcohol,  ether,  and  chloro- 
ijrm  increased  with  the  temperature,  and,  moreover,  that  the 
ttnpressibility  of  these  fluids,  as  well  as  that  of  methylic  ether, 
Kreased  with  the  pressure. 

M.  Grassi  also  made  experiments  on  the  compressibility  of  sa- 
ine  solution,  and  found  that,  for  the  same  solution,  it  was  as 
lODstant  as  that  of  pure  water,  and  that  it  diminished  when  the 
QK>unt  of  salt  in  solution  was  increased. 


•  Axmakfl  de  Chimie  et  de  Fbysiqae,  3*  Scrie,  Tom.  XXXI.  p.  437. 
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nd  presses  in  all  directions.  If  the  particle  is  in  the  midst  of 
be  fluid  mass,  it  presses  against  the  neighboring  particles ;  if 
b  18  on  the  side  of  the  vessel,  it  presses  in  one  direction  against 
be  Tessel,  but  in  all  others  against  similar  particles.  Since 
he  same  is  true  of  every  particle,  it  follows  that  the  pressure  ex- 
rted  by  the  condensed  liquid  against  any  two  surfaces  will  be 
roportional  to  the  number  of  particles  in  contact  with  these  sur- 
loes ;  and  as  the  particles  have  the  same  size,  it  will  also  be 
roportional  to  tlie  area  of  the  surface.  Hence  the  pistons  d  and 
will  be  pressed  out  each  by  the  same  force,  the  piston  a  by  a 
irce  twice  as  great,  and  the  piston  6  by  a  force  five  times  as 
reat,  as  this.  From  the  principle  of  equality  between  action  and 
3aetion,  it  follows  that  the  outward  pressure  on  the  piston  c  is 
Kactly  equal  to  the  force  applied  to  press  it  in ;  so  that,  if  this 
tflton  is  pressed  in  with  a  force  of  one  kilogramme,  the  piston 
is  pressed  onf  with  the  same  force,  the  piston  a  with  a  force  of 
wo  kilogrammes,  etc. ;  which  was  the  proposition  to  be  proved, 
fiepresenting  the  area  of  any  portion  of  the  interior  surface  of 
▼essel  by  iS,  and  tliat  of  any  other  portion  by  S  ;  representing 
bo  by  #  and  S'  the  pressure  exerted  against  these  surfaces  by  a 
onfined  liquid,  in  consequence  of  any  compression  ;  we  have 

S:S'=  S:  S^.  [77.] 

loreover,  it  is  evident  from  the  principle  involved,  that  this 
quation  is  true,  not  only  for  the  surface  of  the  vessel  itself,  but 
Iso  for  that  of  any  solid  immersed  in  the  compressed  liquid,  or 
or  any  section  of  liquid  particles  whatsoever  in  the  vessel. 

(121.)  The  line  indicating'  the  direction  of  the  pressure  ex- 
Tied  by  any  liquid  particle  against  the  surface  with  which  it  is 
n  contact^  is  always  a  perpendicular  to  this  surface  at  the  point 
f  contact.  If  the  surface  is  a  plane y  the  line  is  a  perpendicular 
0  this  plane ;  if  the  surface  is  curved^  the  line  is  a  normal  to  this 
*rpe.  The  truth  of  this  principle  will  be  seen,  if  we  CQnsider 
rhat  must  be  the  result  if  the  direction  of  the  pressure  were 
Wique.  It  is  evident  that  such  oblique  pressure  would  be  re- 
olred  into  two  forces  (35),  one  perpendicular  to  the  surface,  and 
kc  other  tangent  to  it.  The  second  component  could  of  course 
cert  no  pressure  against  the  surface ;  so  that  the  whole  pressure 
certed  by  the  liquid  particle  would  be  that  of  the  first  compo- 
5nt,  which  is,  as  the  proposition  requires,  perpendicular  to  the 
irface  at  the  point  of  contact. 
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When  the  surface  is  plane,  the  directions  of  the  pressures  ex- 
erted by  the  particles  are  all  parallel.     It  is  then  always  possible, 
by  (810.  to  find  a  common  resultant  of  all  these  parallel  forces. 
The  [>oint  of  application  of  this  resultant  is  called  the  centre  of 
pressure.     When  the  pressures  exerted  by  the  separate  particles 
aiv  all  equal,  the  centre  of  pressure  is  always  the  centre  of  figure 
of  the  surface.     In  the  case  of  the  pistons  (Fig.  215),  the  centre 
of  pressure  is  in  each  one  the  centre  of  the  circular  base,  and  in 
stiuiying  its  mechanical  effects  we  may  regard  all  the  pressure  as 
conoontrated  at  that  point.     Were  the  base  of  the  piston  con- 
cave, then  the  directions  of  the  pressures  exerted  by  the  separate 
particles  would  no  longer  be  parallel ;  since  the  lines  indicating 
those  dirci'tions  would  diverge  from  the  centres  of  curvature. 
Oonipan*  (<»()) .    iloreover,  as  the  area  of  the  curved  surface  would 
Ih»  gn^ator  than  that  of  tlie  plane  surface,  it  is  evident  that  the 
ti)tul  amount  of  pressure  which  it  would  sustain  under  the  same 
ciixMunstanoes  would  be  greater;  but  it  can  be  proved  that  the 
pn\ssuro  available  in  moving  the  piston  would  be  the  same  as 
Wfoiv.     For  this  purpose,  it  is  only  necessary  to  decompose  the 
prossui\»  exerted  by  each  ()article  into  two  forces,  one  acting  in  a 
diivotion  whioh  is  parallel  to  the  axis  of  the  cylinder,  and  the 
other  at  righi  angles  to  this  direction.     The  forces  acting  parallel 
to  the  axis  of  the  piston  are  obviously  the  only  ones  which  are 
available  in  moviuir  it  :  and  the  sum  of  these  forces  will  be  found 
to  bo  tho  samo  as  tho  total  pressure  wliich  would  be  exerted  if 
tho  base  of  tho  ovlindor  wore  a  plane. 

I^IJ-.")    HutirostiUic  Press,  —  This  most  beautiful  application 
of  tho  Oi|uality  of  pressure  was  conceived  by  Pascal ;  but  the 

ditVioulty  of  avoiding  the  escape  of  water 
frvnu  the  joints  of  pistons  prevented  him 
from  realizing  his  conception,  and  the 
pn^ss  was  first  constructed  by  Bramah,  in 
ITiV^  at  London. 

It  is  {vrfoctly  evident  that  the  principle 

of  ev|ualiiy  of  pressures  deduced  in  the 

last  sooiion  is  entirely  independent  of  the 

*V  -'*  for:u  of  the  vessel,  and  we  may  therefore 

c'.vo  10  the  vessel  the  form  of  Fig.  216,  in 
■"hich  iho  area  of  tho  v:s:o:i  h  c  is  twenty  times  as  large  as  that 
1  ibe  piston  ,:.     Hoaoo  it  follows,  that,  if  we  press  in  the  pis- 
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a  vith  a  force  of  five  kilogrammes,  tlie  piston  b  will  be 
sed  out  with  twentj  times  as  much  force,  or  oae  hundred  kilo- 
mmes  ;  and,  on  the  other  hand,  if  we  press  in  the  piston  b  c 
h  a  force  of  one  hundred  kilogrammes,  the  piston  a  will  be 
[»d  out  with  a  force  of  only  five  kili^nunmes.  It  is  evidently 
important  that  the  connection  between  the  piston  should  be  so 
ect  as  in  Fig.  216.  If  it  is  eSected  by  a  long  and  narrow  tube, 
'.  principle  will  still  hold  true,  provided  only  that  the  joints  are 
ht  and  the  material  of  the  vessel  unyielding. 
The  hydrostatic  press,  which  is  used  in  tlie  arts  for  producing 
i»t  pressnre,  is  only  a  modification  of  the  apparatus  represented 
the  diagram,  Fig.  216.  One  of  tlie  most  usual  forms  of  this 
ichine  is  represented  in  perspective  by  Fig.  217,  and  in  section 


Rg.  218.  The  same  parts  are  lettered  alike  on  the  two  figures, 
consists  of  two  cylinders,  A  and  B,  connected  together  by  a  tube, 
In  the  lai^r  cylinder  moves  the  large  piston  P,  which  is 
de  in  the  form  of  a  plunger,  touching  the  walls  of  the  cylinder 
jrat  the  top,  where  it  passes  through  a  water-tight  packing, 
the  top  of  this  piston  is  a  platform,  whicli  rises  and  falls  wiUi 
19* 
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it,  and  the  articles  to  be  submitted  to  pressure  are  placed  between 
this  and  a  second  platform,  Q,  which  is  firmly  fastened  to  the 
floor  by  means  of  four  iron  columns,  which  also  serve  to  guide 
the  motion  of  the  lower  platform.    The  small  piston  p  is  cob- 


8truct«d  exactly  like  the  larger,  and  is  moved  up  and  down  in 
the  cylinder  by  the  pump-handle  M.  The  small  cylinder  acts 
as  a  force-pump.  It  connects  with  a  reservoir  of  water  below 
by  moans  of  a  tube  terminating  with  a  rose,  a.  This  tube  is 
guarded  by  a  valve,  c,  whicli  allows  the  water  to  flow  up  into  the 
pump,  but  not  in  the  reverse  direction.  It  is  evident  from  this  de- 
scri)ition,  that,  on  working  the  handle  M,  wat«r  will  be  altematelf 
sucked  up  from  the  reservoir  and  forced  into  the  large  cylinder 
B,  through  the  pipe  A",  from  which  it  is  prevented  from  returning 
by  a  valve  sit  o.  The  large  piston  will  tlms  be  forced  up  by  a.  pres- 
sure which  will  be  as  much  greater  than  that  exerted  on  the  small 
pbtun  as  ttie  area  of  its  section  is  greater.  If,  for  example,  it  is 
i  hundred  times  as  largo,  it  will  be  pressed  up  with  a  force  ods 
hundred  times  gretitfr  than  that  exerted  on  p.  Tliis  force  cwi 
be  so  much  iucrcnsod  by  the  lever  M,  that  a  man  can  easily  exert 
a  downwanl  pn>ssure  of  l.'iO  kilogrammes  on  p,  and  the  piston  P 
gill  then  Iw  pressed  up  with  a  force  equal  to  15,000  kilogrammes. 
_mnst  1*0  noticed,  however,  that  the  piston  P  will  rise  very 
■wind  as  much  wore  slowly  than  the  motion  of  p  as  the  area 
Vfj  ^■".■,  "*■"  >n  is  greater.  This  is  in  accordance  with  a  well-known 
/  .'"i>/-,  iKH-hnnios.  which  is  true  of  all  machines,  that  what  i* 

'^T^x''     ."  ""'^  >*  >^»^'  '"  '■'t'lwify  (or  ex*«nt  of  motion).     In  the 
^    >)  piston  "-.rder  to  raise  the  piston  Pone  metre  under  a  force 
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15,000  kilogrammes,  it  is  necessary  to  push  down  the  piston  p 
ough  one  hundred  metres  with  a  force  of  150  kilogrammes. 
is  is  accomplished  by  repeated  motions  of  the  handle  M. 
'he  tube  K  is  furnished  with  a  safety-valve,  t  (Fig.  218),  kept 
place  by  a  weight  acting  on  it  through  a  lever  (Fig.  217). 
ire  is  also  a  valve-cock  at  r,  by  which  the  water  in  the  cylinder 
aay  be  vented  into  the  reservoir  IT,  in  order  to  lower  the  pis- 
;  and,  lastly,  a  third  valve-cock,  by  which  the  communication 
veen  the  cylinders  may  be  closed  when  it  is  desirable  to  keep 
articles  under  pressure  for  some  time.  The  peculiar  form  of 
packing  at «  is  also  deserving  of  notice.  It  is  made  of  thick 
her  saturated  with  oil,  in  the  form  of  an  inverted  U,  and 
more  the  water  is  compressed,  tlie  more  firmly  the  leather  is 
?sed  against  the  sides  of  the  cylinder  and  piston, 
i'he  hydraulic  press  is  applied  in  the  arts  for  a,  great  variety  of 
•pose«,  such  as  packing  dry  goods  in  bales,  pressing  out  printed 
et5,  extracting  oil  from  grains,  and  testing  steam-boilers.  It 
s  also  used  for  raising  the  iron  tubes  of  the  Britannia  Bridge 
T  the  Menai  Strait. 

[123.)  Pressure  exerted  by  Liquids  in  Consequence  of  their 
tight.  —  In  the  first  place,  let  us  consider  what  will  be  the 
fssiire  exerted  by  a  liquid  on   the   l)ottom 
the  containing  vessel.     Let  a  r  m^  Fig.  219,  g^i 

a  conical  vessel,  which  we  will  suppose  filled  A^4^V 

th  water  to  the  point  o.     Let  us  suppose  J^^j^^ 

J  Uquid   to  be   divided  into   a   number  of         ^•^.J-^-::!]^ 
ata  by  the  planes  6  c,  erf,  ig-,  /?n,  which      jK'-r.::i;:::-]^ 
!  may  take  as  thin  as  we  wish,  and   only      B^^^^R 
Qsider  in  each  stratum  the  cylindrical  mass      ^^^^^^^ 
closed  in    dotted    lines.      It    is    now  evi- 
at  that  the  pressure  exerted  by  each  cylindrical  mass  on  its 
n  base  will  be  equal  to  its  own  weight.     Then,  from  the  prin- 
ile  of  Pascal,  the  pressure  exerted  by  the  weight  of  the  first 
is8  will  be  transmitted  to  the  whole  section  b  c,  so  that  this  will 
^c  to  support  a  pressure  as  much  greater  than  the  weight  of  the 
rt  mass  as  the  area  of  this  section  is  greater  than  the  area  of  the 
seof  the  first  cylinder.     Hence  it  follows,  that  it  will  support 
Mressure  equal  to  the  weight  of  a  column  of  water  whose  base 
lals  b  c,  and  whose  height  is  that  of  the  first  cylinder.     This 
asure  will  then  be  added  to  the  weight  of  the  second  cylinder, 


aud  whoso  height  equals  the  sum  of  the  heights  of  all  Ili< 
ders,  or  o  m. 

Tliia  demonstration  is  evidently  independent  of  the  nni 
strata,  and  must  therefore  hold  when  this  number  is  infin 
tlic  vest>el  conical.  It  is  also  evident  that  it  is  independen 
form  of  tlie  vessel.  It  would  bold  if  the  Tessel,  remaining  ■ 
were  placed  in  an  inverted  position,  or  for  a  vessel  of  an 
whatsoever.  We  may  therefore  conclude,  as  the  gtneraj 
of  this  discussion,  that  ike  pressure  exerted  bg  a  liquid 
horizontal  base  of  the  containing  vessel  is  equal  to  the  v-i 
a  column  of  this  liquid  whose  base  equals  the  base  of  the 
and  whose  height  equals  the  depth  of  the  liquid  t»  the  ves 

Tlie  fact,  that  tiie  pressure  exerted  by  a  liquid  on  the  b( 
the  vessel  containing  it  is  independent  of  tibe  form  of  thf 
may  lie  demonstrated  experimentally  by  means  of  the  ap 
represented  in  Fig.  220,  which  was  invented  by  Haldat, 
known  by  liis  name.  It  consists  of  a  bent  ^ass  tube,  A 
one  end  of  which,  A,  is  a  brass  cap,  to  which  may  be  screwe 
of  the  glass  vessels  M  and  P.  There  is'  also  a  cock  by  wl 
liquid  in  the  vessel  may  be  drawn  off.  In  order  to  make 
perimcnt,  we  fill  the  bent  tube  with  mercury,  and  then  so 
its  place  the  larger  of  the  two  vessels,  *hich  we  fill  witi 
This  presses  up  the  mercxiry  in  the  branch  C,  and  wc  m 
level  to  wliich  it  rises  by  means  of  the  ring  a.  We  also  n 
level  of  the  water  in  the  vessel  by  means  of  the  index-rod 


THE  THBEK  BTA.TKB  OF  MATIEB. 


en,  is  indepeodont  of  the  form  of  the  vessel  or  of  the 
■  of  water  ;  and,  since  the  base  of  the  vessel  is  tlie  same  in 
ies,  (that  is,  the  surface  of  the  mercury  in  tho  tube  A,') 
height  of  the  liquid  also  the  same,  it  is  evident  that  the 
of  pressure  is  a  necessary  result  of  the  principle  before 


)  Upward  Pressure.  —  If  we 
■  any  given  section  of  liquid, 
■'ig.  219,  it  is  evident  that  the 
(  oil  this  sectiorf  are  com- 
by  tlie  weight  of  the  liquid 
icm,  and  hence  must  bo  ex- 
iressure  in  every  direction, 
t  as  much  upward  pressure 
iward  pressure.  If,  then,  we 
'  in  the  liquid  a  cylindrical 
ch  as  c  ff,  Fig.  221,  it  is  plain 
particles  of  water  in  contact 
J  base,  d,  of  the  cylinder,  be- 
i  compressed  condition,  must 
upward  pressure  on  tlie  base 
ylinder  equal  to  the  pressure  '*' "'' 

irt  on  the  section  of  liquid  neit  below  tliero. 
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pres^are.  hv  the  lo^t  section,  is  eqaal  to  tlie  wright  of  a  column 
of  liquid  having  the  same  base  a$  tlie  crlinder,  and  haTJng  i 
height  ecjual  to  the  depth  of  the  section  below  the  surface  of  the 
liquid. 

(125.)  Presture  em  ike  Sides  of  a  Vessel.  — This  same  couree 
of  reasoning  may  also  be  extended  to  the  pressure  exerted  by  t 
liquid  against  the  sides  of  the  containingressel.  It  is  eTidcat,ror 
exam[>le.  that  tho  particles  of  the  liquid  in  contact  with  the 
{Hston  b.  Fig.  221,  are  in  a  state  of 
tension  caused  br  the  pressure  of 
the  weight  of  liquid  tixive  them, 
Ther  are  therefore  exertiiig  pressure 
in  aU  directions,  and  hence  also  against 
the  sorface  of  the  piston  in  directioni 
K^ich  are  perpendicular  to  that  m- 
face.  Nov  the  pressure  of  atij  ooa 
particle  is,  by  the  principle  of  (123), 
eqaal  to  the  weiglit  of  a  odiunn 
of  similar  particles  whose  height  ii  ; 
equal  to  the  depth  of  this  particle  be-  < 
low  the  sorbce.  And  nnce  the  totil 
pressure  against  the  fnslon  is  equal  to 
the  sum  of  the  pressures  of  the  sep- 
arate particles,  it  follows  that  the  lotoi 
"*  "  prefsure  is  equal  to  the  veigkt  oft 

rolu  fi»  ot'liifniil.t'f:  i;r*d  o/trhoff  base  is  equal  lo  the  area  of  the 
s:ur'\ui  ,>/  th't  piffi'it,  iifx/  xrhose  height  h  equal  to  the  mean  deptk 
II'"  I'll'  r-.Tri.iH-t  p-.zrticlts  (xloir  the  surface.  This  mean  depth,  in 
t\w  ox;»nii'lo  under  consideration,  is  evidently  the  depth  of  the 
ivntrc  vif  iho  pisioii,  and  hence  r  r  is  a  coltmin  of  liquid  whoa 
woiirbi  is  <\)ual  to  the  pressure.  In  the  same  way,  the  presson 
aptitiM  the  i*isto:i  a  is  equal  to  the  column  represented  by  k  i. 
li  is  easy  i,i  fsit-sid  this  demonstration  to  any  portion  of  the 
sidi's  Kt  a  vi'ssol.  wliethor  plane  or  curved.  It  can  also  easily  he 
|>i>»i'd  itiai  t!;o  mean  depth  of  the  various  particles  of  liquid  ia 
cimtaci  w.th  ar.y  surfaoo  is  in  every  case  equal  to  the  depth  of  th« 
I'l'utrY'  (>f  cnu'.iy  of  thi>se  panicles. 

Woi>'  iho  !>r>>ss«rv  oiened  by  each  of  the  particles  of  watertt 
coiilaot  with  t!u'  p-si-Mi  ,  Fiy:.  2211  the  same,  the  centre  of  pr*  = 
mrv  y\-l\),  would,  as  in  Fie,  215.  coincide  with  the  centre  of 
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jure.  This,  however,  is  not  the  case  ;  the  particles  belo.w 
le  level  of  the  centre  of  the  piston,  being  at  a  greater  depth, 
[ert  a  greater  pressure  than  those  above  this  level.  Hence 
16  point  of  application  of  the  parallel  forces  which  they  ex- 
•t,  (being  nearest  to  the  greater  forces  [20],)  must  be  below 
le  centre  of  figure.  In  any  similar  case,  the  position  of  the 
mtre  of  pressure  is  below  the  centre  of  gravity  of  the  particles 
)mposing  the  section  against  which  the  pressure  is  exerted,  and 
can  always  be  found  by  calculation  when  the  form  of  the  sur- 
ce  is  known. 

(126.)  Generalization.  —  The  separate  results  at  which  we 
ire  arrived  in  the  last  three  sections  may  be  generalized  as  fol- 
ws :  The  pressure  exerted  by  a  liquid  cm  any  section  whatso- 
er  is  equal  to  the  weight  of  a  column  of  the  liquid^  the  area  of 
hose  base  is  equal  to  the  area  of  the  section^  and  whose  height 
equal  to  the  depth  of  the  centre  of  gravity  of  the  section  below 
e  surface  of  the  liquid. 

(127.)  The  pressures  exerted  by  two  liquids  on  equal  sections 
!  equal  depths  are  proportional  to  the  specific  gravities  of  these 
^ids.  It  follows,  from  the  last  section,  that  the  two  pressures 
•e  equal  to  the  weights  of  equal  columns  —  and  hence  of  equal 
)liunes  —  of  the  two  liquids.  But  it  follows  from  (69),  that 
le  weights  of  equal  volumes  of  two  liquids  are  to  each  other  as 
leir  specific  gravities,  and  hence  the  pressures  exerted  by 
iem  on  equal  sections  at  equal  depths  must  be  in  the  same  pro- 
ortion. 

If  we  represent  by  S  the  area  of  any  section  in  square  ccn- 
imetres,  by  jB'the  depth  of  the  centre  of  gravity  in  centimetres, 
re  have,  by  geometry,  for  the  volume  of  the  column  of  liquid 
rhose  weight  represents  the  pressure,  V  =  H .  S,  in  which  V 
tonds  for  a  certain  number  of  cubic  centimetres.  But  we  know 
7  [56],  that  W=  V.  Sp.  Gr.,  and  hence,  if  we  represent  the 
•Bssure  exerted  on  any  section  by  if,  we  have 

f=  W=H.  S.  (Sp.Gr.)  [78.] 

'or  any  other  section,  having  the  same  area  and  at  the  same 

epth,  we  have 

f'  =  H.  S.(Sp.Gr,y;  [79.] 

id,  comparing, 

f  :  S'=(^Sp.Gr.^  :  (/^.Gr.)'.  [80.] 
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(128.)  nydrostatic  Paradox. — It  is  evident  from  (123),  that 
the  pressure  of  a  liquid  on  tlie  bottom  of  the  containing  vessel 

may  be  very  much  greater  than  the  weight 
of  liquid  it  contains.  For  example,  the 
pressure  of  the  liquid  on  the  bottom  of  the 
vessel  D  C,  Fig.  222,  is  tlie  same  as  if  its 
diameter  were  equal  throughout  to  that  of 
the  lower  part ;  and  from  this  it  would  seem 
to  follow,  that,  if  the  vessel  were  placed  in 
the  pan  of  a  balance,  M  N,  it  ought  to 
produce  the  same  effect  as  a  cylindrical 
vessel  of  the  same  weight,  containing  the 
same  height  of  water,  and  having  througb- 
^'  *^  out  the  diameter  of  the  part  D.    But  it  has 

been  shown,  that  the  liquid  presses  on  the  walls  n  o  as  well  as  on 
the  bottom,  and,  since  tliis  pressure  is  in  an  upward  direction,  it 
will  tend  to  make  tlie  vessel  rise,  while  the  pressure  on  the  bot^ 
tom  tends  to  make  it  fall.  The  difference  of  these  two  pressures 
is  all  that  is  exerted  on  the  pan  of  tlie  balance,  and  this  in  every 
case  is  just  equal  to  the  weight  of  the  vessel  and  that  of  the 
liquid  wliich  it  contains. 

This  fact  is  usually  called  the  Hydrostatic  Paradox.  It  is, 
however,  evidently  no  paradox,  but  only  a  necessary  consequence 
of  the  mechanical  condition  of  liquid  matter. 

Equilibrium  of  Liquids. 

(129.)  In  order  that  there  should  be  a  condition  of  equi- 
librium in  a  liquid  mass,  it  is  essential  that  each  particle  of  the 
liquid  should  be  pressed  on  all  sides  equally.  This  ^principle  — 
the  first  statement  of  which  is  attributed  to  Archimedes  —  is  a 
necessary  consequence  of  the  mobility  of  liquid  particles.  For, 
suppose  tliat  any  one  particle  were  not  pressed  on  all  sides  equat 
ly,  it  is  evident  that,  being  free  to  move,  it  must  move  in  the 
direction  of  the  greatest  pressure,  and  there  would  not  be  an 
equilihi'ium  f28). 

Wlien  a  liqnid  mass  under  the  influence  of  gravity  is  sup*  | 
ported  in  a  vossol.  it  is  essential,  in  order  that  each  particle  may  | 
be  pressed  on  all  sides  equally  On  other  words,  in  order  that! 
there  may  })o  a  condition  of  equilibrium),  that  two  condition! 
should  be  fulfdled,  which  we  will  now  consider. 

\ 

m 

\ 


i 


THE  THREE  STATES  OF  MATTER.  229' 

1.   The  surface  of  the  liquid  must  be  perpendicular  at  each 

dni  to  the  direction  of  gravity ;  thai  is  to  say^  it  must  be  horir 

iiUal. 

To  proTe  tliis,  let  us  suppose  that  the  surface  of  the  liquid 

18  any  other  form,  as  in  Fig.  223.     It  is  then  evident,  that 

le  force  of  gravity  acting  on  any  particle, 

,aiid  represented  by  the  line  mp  (31), 

ill  be  decomposed  into  two  others  (35). 

ne  of  these,  represented  by  m  q^  is  nor- 

tal  to  the  surface  at  the  point  m,  and, 

5ing  balanced  by  the  resistance  of  the  Fig.  223. 

aid  particles,  would  not  cause  motion.     Tlie  second  compo- 

3nt  is  tangent  to  the  surface,  and,  not  being  balanced,  tends  to 

lOve  the  particles  in  the  direction  mf     Hence,  under  these 

rcumstances,  there  could  not  be  an  equilibrium.     If,  however, 

le  surface  is  horizontal,  the  tendency  of  the  force  of  gravity  is 

dety  to  sink  the  particles  under  the  surface,  and  since  all  the 

articles  at  the  surface  are  solicited  equally  by  this  force,  the 

quilibrium  is  maintained. 

It  follows  from  this,  that  the  surface  of  still  water  is  horizontal 
rheii  its  extent  is  so  limited  that  we  can  regard  the  directions  of 
he  forces  of  gravity  as  all  parallel  (44).  Such  is  not,  however, 
h«  case  with  the  surface  of  the  ocean  when  at  rest,  or  of  a  large 
lea.  For  since  this  surface  must  be  perpendicular  at  every  point 
to  the  plumb-line^  and  since  all  plumb-lines,  if  extended,  pass  ap- 
proiimatively  through  the  centre  of  the  earth,  it  follows  that  the 
ttirface  must  be  sensibly  spherical  (60). 

The  principle  just  illustrated  is  only  a  particular  case  of  a 
more  extended  principle,  which  may  be  thus  stated  :  — 

When  a  liquid  mass  is  in  eqvilibrivm^  the  resultant  of  all  the 
forces  acting  a4  any  point  of  its  surfa^^e  is  normal  tq  the  surface 
tf  that  point. 

2.  The  pressure  must  be  equal  over  the  vjhole  surface  of 
%  horizontal  section.  The  necessity  of  this  condition  is  easily 
fkown.  For  suppose  this  not  to  be  the  case,  tlien  there  must  be 
itaiewhere  on  the  same  horizontal  section — for  example,  ;7n, 
%.  219  —  two  adjacent  particles  which  are  not  equally  pressed 
t  the  superincumbent  liquid.  But  two  such  particles  must  ex- 
t,  in  consequence  of  their  elasticity,  an  unequal  pressure  on 
ich  other,  a  condition  which  is  evidently  not  consistent  with  a 
Eite  of  equilibrium. 

20 
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At  the  surface  of  a  liquid  the  pressure  must  be  everywhere 
zero,  and  hence,  in  a  state  of  equilibrium,  the  surface  must  be 
horizontal ;  so  that  the  first  condition  may  be  regarded  as  a 
special  case  of  the  last. 

This  condition  is  also  a  particular  case  of  a  general  princi]de, 
which  may  be  thus  stated :  — 

Any  liquid  mass  in  equilibrium  may  be  regarded  as  consisting 
of  an  infinite  number  of  lamince^  normal  at  each  point  of  their 
surface  to  the  resultant  of  all  the  forces  which  act  at  this  pointy 
and  sustaining^  at  every  point  exactly  the  same  pressure. 

It  is  a  consequence  of  this  principle,  that  any  liquid  mass,  which 
is  not  acted  upon  by  external  forces,  will  take  the  form  of  a  sphere 
in  consequence  of  the  mutual  attraction  of  its  own  particles.  In 
this  case,  the  infinitely  thin  laminaa  are  concentric  spherical  sin«- 
faces,  and  the  resultant  of  all  the  forces  acting  on  any  partide 
in  every  case  passes  through  the  centre  of  the  sphere,  and  is  u(W^ 
mal  to  the  spherical  surface  on  which  the  point  is  situated.  Bf  , 
no  other  form  than  the  sphere  would  the  conditions  of  equiUbrinn 
be  satisfied. 

Observation  confirms  this  result  of  theory.  Drops  of  water  or 
mercury,  so  small  as  not  to  be  sensibly  deformed  by  their  owi 
weight,  take  a  spherical  form  when  placed  on  surfaces  they  do 
not  wet.  The  rain-drop  also  is  spherical,  and  in  like  manner  the 
drops  of  melted  lead  become  spherical  while  falling  in  the  sho*^ 
towers.  But  the  theory  is  still  more  beautifully  illustrated  by  an 
experiment  devised  by  Plateau. 

By  mixing  alcoliol  and  water,  a  liquid  can  be  obtained  bsTing 
the  same  density  as  oil.  If,  now,  we  add  drops  of  oil  to  the  liquid, 
these  drops,  as  we  shall  soon  see,  are  in  the  same  condition  at 
if  they  had  no  wciglit,  and  in  conformity  with  the  theory  take 
a  spherical  form.  .By  carefully  introducing  the  oil,  a  sphere  of 
considerable  size  can  be  formed,  suspended  in  the  alooholic  fluid. 
Plateau  siiecetHii'd  in  giving  to  this  liquid  sphere  a  rolatioQ  hf 
means  of  very  sini|)le  machinery,  and  found  that,  by  reguMIV 
the  velocity,  he  could  cause  it  to  become  flattened  at  the  poki^te  i 
throw  off  rings  and  satellites,  and  thus  in  various  ways  illiuMei 
the  nebular  liy{)othesis  of  Laplace.  I 

(I'^OO  A  liquid  xrhen  in  equilibrivm  always  maintains  tit 
same  level  in  vessels  conwniniroting  with  each  other.  —  This  fr 
miliar  fact  is  illustrated  by  Fig.  224,  which  represents  four  Tea- ; 
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\3y  Af  B,  C,  D,  communicatiDg  tliroiigh  the  tnbe  mn,  in  all  of 


lich  the  liquid  stands  at  the 
rily  be  the  case,  is  easily  shown, 
the  tube  m  n,  separatiug  the 
[uid  in  D  from  that  iu  C, 
id  let  us  denote  the  area  of 
i  surfoce  by  iS.  Now  it  is 
ddeat  that  this  section  can  be 
I  equilibrimu  only  when  the 
ressures  on  its  two  faces  are 
\aal.  The  pressure  on  the 
ice  towards  D  is,  by  [78], 
^  =  S.if.(^.Gr.),  in  which 
lis  the  depth  of  the  centre  of  . 
rarity  of  the  eectiou  below  the 
ivel  of  the  liquid  iu  D.  The 
iiessure  ou  the  face  Towards  C 
i,  in  like  manner,  S  ^  S  .  H'  . 


I  level.     That  this  must  n 
Consider  any  vertical  section 


(j^.Gr.),  in  which  H'  equals 


he  depth  of  tlie  centre  of  gravity  below  the  level  of  the  liquid 
u  C.  Siuce  Uiese  two  pressures  are  equal  when  there  is  an 
equilibrium,  it  follows  that  H=  H',  which  demonstrates  the  prin- 
a{de  in  question. 

(131.)  When  two  vessels  communicating  together  are  filled 
nth  different  liquids,  which  will  not  mix  or  combine  chemically 
with  each  other,  the  heights  of  tlie 
two  liquid  columns  when  in  equi- 
librium are  inversely  proportional 
to  the  specific  gravities  of  the 
liquids.  This  principle  may  be  il- 
lustrated by  moans  of  the  apparatus 
represented  in  Fig.  225.  It  consists 
of  two  tubes,  m  and  n,  connected 
together  by  a  smaller  tube  below. 
Tlie  lower  portion  of  both  tubes  is 
filled  with  mercury,  and  on  the 
surface  of  the  mercury  in  the  tube 
n  rests  a  column  of  water,  A  B.  If 
fif.BK.  now  we  couceive  a  horizontal  line, 

B  C,  drawn   across  the   apparatus 
Dm  the  surface  of  the  mercury  at  B,  it  is  evident,  from  the 
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Ust  seciion.  ihax  ifae  liquid  bdov  this  line  is  in  equilibriim; 
and  b^nc>e  :;  $>Iiovsw  that  the  «4imui  of  water  B  A  i&  just  tat 
anced  br  the  o\-*Iunm  of  mereurr  D  C.  On  measuring  these  two 
heights,  i;  vill  cie  found  that  I>  C  is  thirteen  and  a  half  tim» 
smaller  :hin  A  B :  and  br  referring  to  the  table  of  specific  grav. 
ities,  it  will  l«e  found  that  the  specific  gravity  of  mercury  is  thu^ 
teen  and  a  half  times  ereater  than  that  of  water ;  or,  in  other  words, 
the  heifflits  are  :nTor?elT  proportional  to  tlie  specific  gravities. 

The  truth  of  this  principle  can  easily  be  proved.^  If  ▼« 
represent  the  surface  of  the  mercury  at  B  by  S,  and  the 
height  of  the  column  of  water  B  Abj  H,  the  specific  gravity  of 
water  by  Sp.  Gr,^  then  by  [78]  the  pressure  on  the  surface  is 
I  =  S  .  H .  i^Sp. GrX  In  the  same  way,  the  pressure  of  the 
column  of  mercury,  C  DAs  f'=  S  .  H'  .{Sp.  Gr.y,  where  S  is 
the  area  of  the  section  at  C,  H'  the  height  of  the  column  C  A 
and  (Sp.Gr.y  the  specific  gravity  of  the  mercury.  Now,  it  fol- 
lows from  (1-0),  that  there  can  be  an  equilibrium  only  when  the 
pressures  exerted  on  the  two  surfaces  at  B  and  C  are  proportional 
to  the  area  of  these  surfaces,  or  when  f  :  S'  =  S:  S'.  Substi- 
tuting the  value  of  S  and  /',  we  find  that  when  this  is  the  case, 

*         H.  aSp.Gr.)  =  W  .  iSp.Gr.y. 

or  [ol.J 

H:  H'  =  CSp.Gr.y  :  {Sp.Gr.y 

Hence,  there  can  be  an  equilibrium  only  where  the  heights  of  the 

two  columns  are  inversely  as  the  specific  gravities  of  the  liquids. 

(132.)   Spirit'Levei.  —  Vi'e  have  seen  that  the  surface  of  a 

liquid  at  rest  is  always  horizontal,  that  is  to  say,  perpendicular  to 

the  direction  of  gravity. 
We  have,  therefore,  in 
this  fact  a  ready  meaiw 
Fi«  226.  of  determining  the  hor 

izontal  plane.  Thespii 
it^level,  which  is  use 
for  this  purpose,  coi 
sists  of  a  tube  of  gte 
(Fig.  226)  very  slighil 
curved,  and  filled  wil 
^227.  alcohol,*  leaving  only 


♦  Alcohol  does  not  freeze  even  at  the  lowest  temperatures. 
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■11  balb  of  tar,  which  alrays  tends  to  occupy  the  higliest  part, 
s  tube  is  hermeticollj  sealed,  and  mouuted  oil  a  brass  or 
odea  stand,  D  C,  Fig.  227,  the  base  of  whicli  is  carefully  ad- 
ted,  BO  that  when  it  rests  on  a  horizontal  plane,  P,  the  air- 
Ale,  M,  shatl  rest  just  at  the  middle  of  the  tube. 
'133.)  Artetian  Wells.  —  The  tendency  of  water  to  seek  its 
a  level  is  illustrated  by  all  seas,  lakes,  springs,  aud  rivers, 
ich  are  so  many  vessels  connecting  with  each  other.  Oue  of 
most  remarkable  of  this  class  of  illustrations  is  the  Artesian 
U,  named  from  the  old  province  of  Artois,  iu  France,  where 
se  wells  were  first  made.  They  are  narrow  tubes  sunk  in  the 
til  to  various  depths,  in  which  the  water  frequently  rises  many 
t  above  the  surface  of  ttie  ground. 

fhe  principle  of  the  Artesian  well  is  illustrated  by  Fig.  228. 
e  crust  of  our  globe  is  formed  of   numerous  strata,  some 


irhich  are  permeable  to  water,  like  sand  and  gravel,  while 
«rs,  such  as  clay,  are  impermeable.  Let  us  suppose,  then, 
t  in  a  geoh^ical  basin  we  have  au  alternation  of  such  strata, 
example,  two  beds  of  clay-rock,  A  and  B,  enclosing  a  bed 
<ome  permeable  material,  M,  as  sand ;  aud  let  us  aiso  suppose 
t  the  sand  bed  comes 
the  surface  at  some 
lier  level  (Fig.  229), 
tre  it  will  receive  the 
e-water.  This-water 
filter  through  tiie 
1  aad  collect  under 
geographical  basin, 

lOut  being  able  to  rise  to  the  surface,  on  account  of  the  clay 
A.     But  if  we  sink  a  tube  through  this  bed,  it  is  evident 
20" 
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that  Um  wster  will  rue  to  a  btigbt  u  mach  ibore  tlw  soil  u 
Uie  level  m  which  it  sUads  in  the  pecuHar  reserroir  formed  1 
the  cUf  beds. 

These  wella  are  sunk  with  a  peculiar  form  of  auger,  which 
worked  witiiLn  an  iron  tube,  the  tube  be- 
ing driveu  down  as  fast  as  tfae  anger  de- 
•ceuds.  One  of  the  most  remarkable  ot 
tiiese  wells  is  that  of  Crenelle,  on  the  oat- 
tkirts  of  Paris.  It  is  548  metres  deep, 
and  fields  8,000  litres  of  water  each  min- 
ute. The  water  has  a  constant  tempera- 
of  27°  C. 

(134.)  Sa/l  WelU.  —  An  illustration 
of  the  principles  of  section  (131)  is  fiir- 
uirthcd  by  the  mode  in  which  salt  wells  are 
worked  in  kg  me  parts  of  Germany.  It  not 
uufrcqiiciitty  happens,  that  beds  of  rock-salt 
occur  ill  the  midst  of  impermeable  strata 
(see  Fig.  230).    It  can  tlieu  be  extracted 


Fit  S3CU 

foUowing  way.  An  Artesian  well 
!>tl)  is  fir.xt  Slink  to  about  the  mid- 

the  Iwd.     Within  this  well  is  en- 

u  xainller  tulw  of  copper,  descend- 
tlii'lmtlom  of  the  bed  of  salt,  and 
'•■T*  oonsidembly  lower  than  the  iron 
M-miiiir  Iho  si.los  of  the  well.  The 
'1x1  of  the  oo|i|N>r  t»il»e  is  closed,  but 
M-i-romtwi  wiih  little  holes  to  the 

i»f  n  fow  n«'tri\*.  which  allow  the 

•'ul    not    dirt,   to    enter.      From 

>iivi'nioiil  s<iimx>  fivsh  water  is  made  to  flow  into  the  i 
I'M'i'iub  outside  of  the  o^per  tube  to  the  salt  bed. 


Ill  thu 
( V\«.  i 
dh)  of 
Hnm'd 
tliK  1i> 
Mu.ivfi 

uii>o  r, 

it  ix  p 

lit'ljt't'  '■'  "  "w  im-in-t<s  wiiicn   allow  lue  j^  jg^ 

WlttO"     '    -  -      ■■  - 

aitd   d< 
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dissolves  the  salt,  and  the  heavy  brine  sinks  to  the  bottom  of  the 
bed,  where  it  finds  the  lower  end  of  the  copper  tube.  This  tube 
then  fills  with  salt  water ;  but  the  brine  does  not  rise  to  the  sur- 
fiice  of  the  soil,  but  only  to  such  a  level  that  the  column  of  hvine 
in  the  interior  copper  tube  shall  be  in  equilibrium  with  that  of 
water  in  the  annular  space  outside.  The  specific  gravity  of  sat- 
urated brine  is  about  1.20,  that  of  water  being  1 ;  hence,  if  we 
represent  the  heights  of  the  two  columns  by  H  and  H'y  we  shall 
hm  H:  H'  =  1.20:1.  If,  then,  the  depth  of  the  well  is  200 
metres,  the  brine  will  rise  i^  .  200  =  16G,  and  consequently  to 
a  level  34  m.  below  the  surface  of  the  soil.  Through  this  dis- 
tance it  is  raised  by  a  pump. 

Buoyancy  of  Liquids. 

(135.)  Principle  of  Archimedes.  —  All  liquids  buoy  up  solids 
immersed  in  them  with  a  force  equal  to  the  weight  of  Ike  liquid 
displaced.  Tlib  very  important  fact  was  discovered  by  Archime- 
des, and  is  generally  known  under  the  name  of  the  Principle  of 
Archimedes.  It  is  generally  stated  that  die  discovery  was  made 
bj  this  renowned  philosopher  of  antiquity  while  reflecting  on  the 
buoyancy  of  the  water  on  his  own  body  when  he  was  bathing ;  and 
be  is  said  to  have  been  so  much  elated  by  the  discovery,  that  he 
rushed  from  the  bath  through  the  streets  of  Syracuse,  exclaiming, 
Evpyxa  !    eupriKa  ! 

The  principle  of  Archimedes  may  be  illustrated  by  means  of 
tlie  apparatus  represented  in  Fig.  232.  The  brass  cylinder  B 
is  made  so  as  to  fit  accurately  the  brass  cup  A.  In  experi- 
inenting  with  tlie  apparatus,  the  cylinder  and  cup,  having  been 
suspended  to  one  pan  of  a  balance  arranged  for  the  purpose, 
ire  carefully  poised,  by  placing  weights  in  the  opposite  pan ; 
he  cylinder  is  then  immersed  in  water,  as  represented  in  the 
igure.  In  consequence  of  the  buoyancy  of  the  liquid,  the  pan 
ontaining  the  weights  will  preponderate.  According  to  the  prin- 
iple,  this  buoyancy  is  equal  to  the  woiglit  of  the  water  which 
lie  cylinder  has  displaced.  But  from  the  construction  of  the 
pparatus,  the  cup  A  will  hold  exactly  this  amount  of  water ; 
nd  hence,  if  the  principle  is  correct,  the  equilibrium  will  be  re- 
tored  on  filling  the  cup  A  with  water,  —  and  this  we  find  to  be 
le  case.  The  same  result  would  also  be  obtained  with  alcohol, 
r  with  any  other  liquid. 
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It  nppeare,  then,  titat  tlie  cylinder  is  buoyed  up  by  a  forct 
equal  to  the  weight  of  the  liquid  which  it  displaces.     But  ihn 
Btatemeut     expresses    oulf 


one  half  of  the  truth  ;  Rv 
it  is  a  necessary  re&itlt  of 
the  equality  of  actiou  and 
reaction,  that  the  upward 
pressure  of  the  water  on  ibf 
cylinder  must  be  accompa- 
nied by  an  equivalent  down- 
ward pressure  of  the  cylin- 
der on  the  water  ;  or,  ii 
other  words,  not  only  tint 
the  cylinder  loses  in  weight, 
but  also  that  the  water  gaiiM 
the  weight  which  the  ej^ 
inder  loses.  Id  order  to  il- 
lustrate  this  bet,  we  cM 
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he  experiment  as  represented  in  Fig.  283.  We  first 
he  vessel  of  water,  and  then  immerse  in  the  liquid  the 
jider,  supported  as  represeated  ia  the  figure.  The 
I  be  found  to  haye  gained  in  veight,  and  in  order  to 
le  equilibrium  it  will  be  necessary  to  remove  from  the 
iicient  water  to  just  fill  the  cylinder  A. 

Demonstration.  —  Tlie  principle  of  Archimedes  is  a 

consequence  of  the  law  enunciated  in  (126),  as  can 
jroved.  Let  us,  in  the  first 
ppose  that  tlie  body  im- 
1  the  liquid  is  a  right  cyl- 
c  d,  Fig.  234,  suspended  so 
bases   shall    bo    liorizoutol. 

now  the  pressure  exerted 
(uid  at  any  one  point  on  the 
lis  cylinder.     By  (121)  the 

of  this  pressure  is  normal 
rface  at  this  point.  But,  as 
[town,  this  normal,  if  pro- 
ill  coincide  with  the  diam- 
he  circular  section  of  tlie 
which  would  be  made  by 
tal  plane  cutting  the  cylin- 
;  point  in  question.  Now, 
lier  end  of  this  diameter  is 

witii  the  liquid,  and  at  tlie  same  depth  below  its  surface, 
nt  tliat  this  point  will  sustain  a  pressure  equal  in  amount 
site  in  direction  to  that  sustained  by  the  first  point. 
3  pressures  will  consequently  balance  each  other,  and, 
same  holds  true  of  every  other  similar  point,  it  follows 

hole  pressure  of  the  liquid  on  the  convex  surface  of  the 
5  in  equilibrium. 

iffei'cnt,  however,  with  the  pressure  on  the  two  horizon- 
Tlie  pressure  exerted  on  the  base  d  is,  by  (126),  equal 

ght  of  the  liquid  cylinder  represented  by  eg;  and  the 
on  the  base  c,  to  the  weight  of  the  liquid  cylinder  A  i. 

therefore,  an  excess  of  iijiward  pressure  equal  to  the 
'  the  liquid  cylinder  fg,  which  is  equal  in  size  to  the 

d.  The  cylinder,  then,  is  buoyed  up  with  a  force  cquiil 
ight  of  liquid  displaced. 


/ 


f  137.)  This  deuMUfltiation  uxtj  leadflr  be  extended  to  a  bodj 
of  anj  form  vfaais»?Ter.  Let  stfs"  he  the  body^  and  ox^oyi 
o  z  threi?  oo-ordinate  axes  perpendicalaririth  each  other,  to whid 
ve  can  refer  poatioQ.    The  presEore  exerted  by  a  liquid  on  anj 

infinitelT  small  element  of  sur&oe, 
^  s,  \s  bj  [78]  f  =  s  .  H .  {Sp.Gf.). 

/  X       This  pressure,  which  by  (121)  is  nor- 

mal to  the  surface,  may  be  resolyed 
into  three  forces,  at  right  an^es  to 
each  other  and  parallel  to  the  C(H>^ 
dinate  axes.  Representing  the  nor- 
mal by  p^  and  the  angles  which  it 

makes  with  x,  y,  z,  as  ^,    ^,  ^, 

we  haTe,  for  the  three  components, 

f  =  /  cos  ^  ,  ^"  =  ^  cos  ^  ,  and 

**  f'-'  =  /  cos  ^  .     Substituting  for 

£  its  Talue  given  above,  the  three  components  become 

f'  =  H.(iSp.Gr.^  .  *  cos  ^;  [82.] 

I'  =  H.  (5/i.Gr.)  .  s  cos^;  [83.] 

£'"  =  H  .(^Sp.G.)  .s  cos^ .  [84.] 

But  5  cos  ^  is  the  projection  of  the  surface  s  on  the  plane  of  y  «f 

and  this  projection  is  equal  to  the  right  section  of  an  infinitelf 
small  cylinder  parallel  to  the  axis  of  z.     Representing  the  arei 
of  this  section  by  r",  we  have,  for  the  value  of  the  first  compo- 
nent, £'  =  H .  (^Sp.Gr.}  r".     But  this  pressure  will  obviously  1 
be  balanced  by  the  pressure  exerted  on  the  element  of  surface,  i*/ 1 
which,  decomposed  in  the  same  way,  will  give  a  component  aW. 
equal  to  H ,  (^Sp.Chr.^  r'%  and  parallel  to  the  axis  of  a:,  but  act- 
ing in  the  opposite  direction.     It  can  easily  be  shown  that  the 
same  is  true  of  the  component  parallel  to  the  axis  of  z.    Thitf 
will  be  balanced  by  an  opposite  and  equal   component  of  the' 
pressure  exerted  on  the  element  s"'.     Let  us,  lastly,  consite' 
what  will  be  the  effect  of  the  component  parallel  to  the  ssi^ 

of  y.    In  the  value  of  f"  [83],  the  quantity  of  5  cos  ^  % 

the  projection  of  the  surface  s  on  the  plane  of  x  z.     This  pwt 
jection  is  equal  to  the  right  section  of  the  vertical  cylinder  *  J*-^ 
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dnting  the  area  of  this  section  by  r',  we  have,  for  the  value 
vertical  component,  £"  =  H  {Sp.Gr.^  r',  a  force  which 
)  raise  the  body.  This  force  is  in  part  balanced  by  the 
e  exerted  on  the  element  s'.  By  decomposing  this  force, 
>e  found  that  the  vertical  component  which  exerts  a  down- 
■essure  in  the  direction  s'  5,  is  equal  to  £u  =  fi''  ( /^.  GrJ)  r*. 
rtical  cylinder  of  the  body  s  s'  is  then   buoyed  up  by 

equal   to  the   difference  of  thepe  two  values,  that  is, 
U  =  iH—H'){Sp.Gr.^r',  which  is  the  weight  of  a 
of  liquid  of  the  same  volume  as  the  cylinder, 
^tending  the  same  course  of  reasoning  to  each  of  the  in- 
small  elements  of  surface  which  the  body  presents,  we 
decompose  the  body  into  an  infinite  number  of  vertical 
•s  similar  to  s  s\  each  of  which  is  buoyed  up  by  a  force 
o  the  weight  of  its  own  volume  of  liquid.     The  whole 
of  course  buoyed  up  by  a  force  equal  to  the  sum  of  the 
icting  on  the  elementary  cylinders,  that  is,  by  a  force 
0  the  weight  of  the  liquid  which  it  displaces. 
)  The  correctness  of  the  principle  of  Archimedes  can  be 
in  another  way,  which  more  directly  connects  it  with  the 
•n  of  equilibrium  which  exists  among 
tides  of  all  liquids  when  at  rest, 
r,  for  example,  any  cubic  centimetre 
iquid  contained  in  the  vessel,  Fig. 
oh  as  A  B.     Since  the  liquid  is  at 
s  evident  that  this  liquid  cube  is  ex- 
stained  in  its  position  by  the  pres- 
the  surrounding  particles.     But  the 

liquid,  of  which   it  consists,  has 

and  it  is  therefore  also  evident, 
liquid  cube  is  sustained  because  it 
d  up  by  a  force  which  is  just  equal 
reight.  Let  us  now  suppose  the 
ibe  to  be  suddenly  solidified  without  changing  its  volume ; 
dent  that  it  will  be  buoyed  up  by  the  same  force  as  bc- 
r  no  change  has  taken  place  either  in  the  position  or  the 
18  of  the  surrounding  particles.  Whatever,  therefore, 
he  substance  or  weight  of  the  solid  cube,  it  will  be  buoyed 
force  equal  to  the  weight  of  one  cubic  centimetre  of  the 
which  it  is  immersed.  This  demonstration  can  evident- 
tended  to  any  other  body,  of  whatsoever  size  or  shape. 


Vlg.286. 
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(139.)  Centre  of  Pressure.  —  It  has  been  proved  (45),  thai 
the  resultant  of  all  the  forces  which  gravity  exerts  on  the  parti- 
cles of  a  body  is  a  single  force  —  represented  by  the  weight  of 
the  body  —  directed  vertically  dotanwards.  And  it  has  further 
been  proved  (46),  that  this  force  may  always  be  regarded  as  ap- 
plied at  the  centre  of  gravity,  whatever  position  the  body  may 

assume.  Now,  since  the  supposed  liquid 
cube  (Fig.  286)  is  exactly  supported,  it  fol- 
lows that  the  resultant  of  all  the  pressures 
which  it  receives  from  the  surrounding  par- 
ticles of  liquid  must  also  be  a  single  force 
equal  to  the  weight  of  the  cube,  but  di- 
rected vertically  upwards.  Moreover,  if  our 
ideal  cube  coidd  be  turned  in  the  liquid,  it 
would  evidently  still  remain  in  equilibrium, 
in  whatever  position  it  might  be  placed. 
Since  in  all  possible  positions  the  resultant 
Fig.  286.  ^f  *'^®  forces  of  gravity  may  be  r^rded  u 

applied  at  the  centre  of  gravity,  it  follow! 
that  in  the  different  positions  the  resultant  of  all  tlie  pressures 
may  also  be  regarded  as  applied  at  the  same  point.  The  same 
point,  then,  which  is  common  to  all  the  resultants  of  the  forcei 
of  gravity  in  the  different  positions  which  a  body  may  assume,  if 
common,  also,  to  all  the  resultants  of  pressure  ;  in  otlier  wordi, 
the  centre  of  gravity  of  our  liquid  cube  is  also  the  centre  of 
pressure. 

If,  now,  we  replace  the  ideal  cube  of  liquid  with  a  cube  of  bra« 
having  the  same  size  and  volume,  it  is  evident  that  the  conditiooi 
of  the  particles  exerting  the  pressure  have  not  been  changed. 
Hence  the  resultant  of  the  pressures  exerted  by  these  partidei 
will  still  be  a  force  acting  vertically  upwards ;  and,  further,  ii 
any  position  which  the  brass  cube  may  assume,  the  direction  » 
tliis  resultant  will  pass  through  what  would  be  the  centre  of  graf- 
ity  of  a  liquid  cube  of  the  same  form  and  volume.  This  co» 
mon  point,  through  which  the  resultant  of  the  pressure  pasae^ 
in  any  position  of  the  brass  cube,  is  its  centre  of  pressure.  W< 
have  made  use  of  a  brass  cube  in  this  discussion,  merely  to  {^ 
distinctness  to  our  conceptions ;  but  it  is  evident  that  the  sani 
reasoning  would  apply  to  a  body  of  any  shape  whatsoever.  Il 
any  case,  the  centre  of  pressure  is  always  the  same  point  vckiA 


THE  THREE  STATES  OF  MATTER.  241 

mously  the  centre  of  gravity  of  the  liquid  which  has  been 
d  by  the  body. 

3  body  is  homogeneous  and  entirely  immersed  in  water, 
re  of  pressure  coincides  with  tlie  centre  of  gravity  of  the 
If,  however,  the  body  is  not  homogeneous,  —  if,  for  ex- 
t  is  loaded  on  one  side,  —  then  the  centre  of  gravity  will 
er  coincide  with  the  centre  of  pressure  ;  because  it  will 
icide  with  the  centre  of  gravity  of  a  liquid  body  of  the 
ape  and  volume. 

)  Floating  Bodies.  —  If  the  weight  of  a  body  is  less 
it  of  the  liquid  which  it  displaces,  then,  the  buoyancy  be- 
ter  than  the  weight,  the  body  will  rise  to  the  surface  of 
d,  and  float.  On  the  other  hand,  if  the  weight  of  a  body 
;r  than  that  of  the  liquid  which  it  displaces,  it  will  sink, 
r,  since  the  specific  gravities  of  any  two  substances  are 
)ther  as  the  weights  of  equal  volumes  of  tliese  substances, 
3  true  that  a  homogeneous  solid  will  float  when  its  spe- 
eity  is  less  than  that  of  the  liquid,  and  that  it  will  sink 
3se  conditions  are  reversed.  , 

>n  bar  suiks  in  water,  but  floats  in  mercury,  because  a 
lume  of  iron  weighs  less  than  the  same  volume  of  merr 
d  more  than  the  same  volume  of  water.  For  a  similar 
L  piece  of  boxwood  will  float  in  water,  but  sink  in  alco- 
le  bar  of  iron,  however,  can  be  made  into  a  hollow  vessel, 
ill  float  on  water ;  and,  in  the  same  manner,  boxwood 
lade  to  float  on  alcohol.  The  volumes  of  the  bodies  will 
increased  without  increasing  the  weight,  and  since  the 
f  the  liquid  they  displace  is  now  greater  than  tlieir  own 
liey  will  float.  Steamships  are  frequently  made  of  iron, 
ed  with  heavy  machinery  ;  but  nevertheless,  since  their 
;ight  is  less  than  that  of  the  water  which  they  displace, 
t.  The  specific  gravity  of  the  human  body  is  very  nearly 
as  that  of  water,  and  can  readily,  therefore,  by  a  little 
kept  at  the  surface  in  the  act  of  swimming.  By  in- 
slightly  the  volume  of  water  displaced,  without  increas- 
ibly  its  weight,  the  body  will  float  without  eflFort.  Most 
an  expand  the  chest,  by  a  little  effort,  sufficiently  to  make 
fie  gravity  of  the  body  less  than  that  of  water,  and  it  is 
wn  that  good  swimmers  can  float  their  bodies  by  lying 
he  surface  of  the  water  and  expanding  the  chest.    This  is 

21 
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also  the  theory  of  life-preservers,  which  are  bags  filled  with  air, 
or  pieces  of  cork  worn  under  tlie  arms.  They  so  far  increase  the 
volume  of  the  body  as  to  make  the  specific  gravity  of  tlie  life- 
preserver  and  the  body  together,  as  a  whole,  less  than  that  of 
water. 

The  large  floating  tanks,  called  camels^  which  are  used  to  lift 
large  vessels  over  the  sand-bars  that  obstruct  the  mouths  of  mauj 
harbors,  are  an  ingenious  application  of  the  same  principle.  These 
tanks,  which  are  closed  on  all  sides  and  water-tight,  having  been 
filled  with  water,  ai*e  fastened  under  the  sides  of  the  vessel.  The 
water  is  then  pumped  out,  when  the  tanks  rise,  and  raise  the  Tes- 
sel  with  tliem.  A  similar  contrivance,  called  a  floating  dock,  is 
very  much  used  in  the  United  States  for  raising  ships  completelj 
out  of  water,  for  repairs.  It  consists  of  a  large  platform,  o& 
which  the  ship  is  to  rest,  beneath  which  are  hollow  and  water- 
tight tanks,  so  loaded  that,  when  full  of  water,  they  will  sink. 
The  platform  is,  in  the  first  place,  sunk  to  the  depth  of  seTeral 
fathoms,  and  the  ship  to  be  raised  is  then  floated  over  it.  The 
water  is  now  puiAped  out  of  the  tanks  beneath  the  platform, 
which  then  rises,  and  raises  the  vessel  with  it. 

(141.)  Equilibrium  of  Floating'  Bodies.  —  When  a  body  is  at 
rest,  floating  on  the  surface  of  a  liquid,  there  must  be  an  equi- 
librium between  the  weight  of  the  body  and  the  buoyancy  of  the 
liquid.  Hence  it  follows,  from  (135),  that  the  weight  of  the 
liquid  actually  displaced  by  a  floating  body  is  eqUal  to  its  own 
weight.  We  can  always  determine  the  weight  of  a  ship  by 
measuring  the  volume  which  is  below  the  water-level,  and  mul- 
tiplying this  by  the  specific  gravity  of  the  liquid.  This  will,  by 
[56],  give  the  weight  of  water  displaced,  which,  as  we  have  just 
seen,  is  the  same  as  the  weight  of  the  ship. .  We  can  also  dete^ 
mine  the  weight  of  the  cargo  by  determining  the  volume  of  water 
displaced  by  the  ship  both  before  and  after  loading.  The  difle^ 
ence  between  these  two 'volumes,  multiplied  by  the  specific  gravity 
of  the  liquid,  will  give  the  weight  of  the  cargo. 

The  centre  of  pressure  of  a  floating  body  is,  by  (139),  the 
same  point  as  the  centre  of  gi^avity  of  the  fluid  it  displaces.  U 
is  obviously,  therefore,  an  entirely  difierent  point  from  the  centre 
of  gravity  of  the  body,  and  must  always  be  below  this  point  whfli 
the  body  is  a  homogeneous  solid.  For  example,  in  Fig.  237,  the 
centre  of  gravity  of  the  homogeneous  floating  body  a  b  cdin 
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dH  pobt  G.    The  centre  of  pressure,  P,  is  the  centre  of  gravity 

of  the  liquid  displaced,  and  this  is  obviously  belov  the  centre  of 

gnrity  of  the  whide  body.    When 

the  floating  body  is  not  homoge- 

HOiu,  the  centre  of  gi-avity  may 

K  below  the  centre  of  pressure. 

i'or  example,  if  we  shouM  attach 

0  the  bottom  of  the  body  abed 

1  jaeee  of  lead,  this  would  sink 
he  body  still  deeper  in  the  water, 
ad  thos  ruse  the  centre  of  pres- 
ore,  while  at  the  same  time  it  — ^'"~ 
'tnild  lower  the  centre  of  gravity,  "•■  ""• 

ad  thus  might  change  the  relative  position  of  tlie  two  points. 

lo  order  that  a  floating  body  should  be  in  equilibrium,  it  is  not 
nlf  necessary  that  it  sliould  displace  its  own  weight  of  liquid, 
ut  it  is  also  essential  tiiat  the 
EDtres  of  gravity  and  pressure  y 

bould  be  situated  on  the  same  ^^^k^/l 

ertical.    If,  as  in  Fig.  238,  the  ^^^H^^. 

n  points  are  not  situated  on  the         _    ''^^^n^BRfafwr 
imerertical,  then  the  resultants  ":  L'_'-  .  "^^  J^^p-^--"^]! 

f  the  forces  of  gravity  and  pre^  -.'iM'^^-Kz  ^'7" '  .  "-':,'^  i----^-.-- 

ire  will   be  represented  by  two  "^5?lij!     L  .„, .. :..,  ;  ' 

jposite    vertical    forces,   as  Pg  i\\l~,         ' .,. 

id  G  T.     Since  these  forces  are 
|ual,  they  will,  neither  tend  to 

ise  nor  depress  the  body  in  the  liquid  ;  but  nevertheless,  as  the 
0  forces  form  a  couple  (38),  they  will  tend  to  rotate  the  body. 
:nce,  although  the  body  wilt  neither  rise  nor  fall,  it  will  turn  in 
;  liquid  until  the  centre  of  pressure  falls  in  the  same  vertical 
th  the  centre  of  gravity,  but  in  such  a  way  that  the  amount  of 
,ter  displaced  by  the  body  shall  be  always  the  same. 
(142.)  Stable  and  Unstable  Eqvilibrium.  —  When  the  cen- 
s  of  pressure  and  gravity  are  in  the  same  vortical,  there  will  be 
condition  of  equilibrium,  but  thiti  eqnilibriitm  may  be  either 
\bU,  vnstiAle,  or  neutral.  The  equilibrium  is  said  to  be  stable 
len,  on  turning  the  floating  body  slightly  in  the  water,  it  tends 

return  to  its  first  position ;  it  is  said  to  be  unstable,  when, 
der  these  circumstances,  it  continues  to  turn  until  it  passes 
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ioto  «  new-  condidoo  of  eqailibriom :  and  it  is  said  to  be  seatnl, 
vben  it  will  ivmaiD  at  rest  in  anr  poation  indiSerentlj. 

The  condittou  of  a  d<ntiu£  bodr  is  always  stable  vfaea  tbt 
centre  of  eravitT  is  below  tbe  centre  trf"  jH«£sure.  The  tntk 
of  thi?  staiemeut  is  an  immediate  consequence  of  the  prind- 
pies  of  the  laft  section.  The  centre  of  |»essare  is  a  poiM 
at  which  the  whole  upward  pressure  %f  tbe  liquid  maybe  n- 
garded  as  concentrated.  It  may  therefore  be  considered  as  tbi 
point  of  suf^rt  of  the  floating  body  :  and  it  lias  already  ben 
ehown  (4'^).  that  the  condition  of  a  body  is  stable  whea  tin 
ceutre  of  gravity  is  below  the  p<Hnt  of  support.  It  does  not  fi^ 
low.  howerer.  that  the  condition  is  necessarily  unstable  when  tht 
centre  of  gravity  is  above  tbe  pmnt  <^suf^rt.  In  this  case,  tbe 
stability  of  tbe  body  depends  upon  the  pontion  of  a  vari^Ie  pcont, 
which  is  called  the  melaceiUre:  and  the  equilibrium  is  still  sUUe, 
when  the  centre  of  gravity  is  below  this  point.  The  posidoD  ^ 
the  melacentre  depends  on  the  form  and  position  of  the  bodj. 
We  shall  otdy  be  ^Ic  to  point  out  its  position  in  tbe  case  of  ooe 
of  the  i^implest  solids ;  bat  this  exam^e  will  serve  to  illustnte 
the  general  principle. 

Let  US  suppose,  then,  tliat  the  floating  body  is  a  iKHnogeMOU 
rectangular  prism  (Fig.  239).     The  centre  of  gravity  will  tba 


be  the  same  as  the  centre  of  its  6gure.  or  G,  and  the  centre  d  \ 
pre»<8urc  the  centre  of  gravity  of  the  part  immersed  in  the  Wtfoi,  \ 
a  variable  point,  de|*ending  on  the  position  of  tlie  bodv.  If.itov, 
when  it  is  floating  on  its  brondest  side,  we  turn  it  throu^  d> 
angle  e  o  c  (Fig.  240),  the  portion  represented  by  (he  trian^ 
eocK  raised  out  of  the  liquid,  and  that  represented  br  boffin 
merged  ;  and  since  the  quantity  of  water  displaced  must  be  tbi 
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■uu  in  ererf  position  of  the  body,  it  follows  that  the  portioa  eoe 
ia  equal  to  the  portiou  b'  of.  But  now  the  form  of  tiie  submerged 
potion  is  entirely  changed,  and  the  centre  of  grsvity  of  the  sub- 
BKrged  portion,  which  is  the  centre  of  pressure,  is  also  changed, 
ud  moved  to  the  point  i*.  If  in  this  position  we  draw  through 
tlie  point  P  a  perpendicular,  it  will  intersect  the  perpendicular 
dmrn  through  tlie  point  P  in  the  previous  position,  namely,  O  q, 
■t  t  point  q,  and  this  point  is  the  mKiaceidrt.  In  the  case  before 
■8,  the  metacentre  is  above  the  centre  of  gravity  ;  and  it  is  evi- 
dent from  the  figures,  that  the  couple  formed  by  the  resultants 
of  the  forces  of  gravity  and  of  the  pressure  tends  to  restore  the 
flmtiDg  body  to  its  first  position  (Fig.  239). 

Let  QB  now  suppose  that  the  rectangular  prism  is  floating  on 
ib  narrow  side,  as  io  Fig.  241 ;  and  that,  as  before,  we  turn  it  to 


le  right  through  a  small  angle.  The  centre  of  pressure  will 
»cn  be  diifted  to  a  new  position,  at  the  right  of  the  plane  of 
munetry  (Fig.  242),  If,  now,  we  erect  a  perpendicular,  it  will 
Itersect  the  perpendicular  drawn  through  the  centre  of  pressure 
I  the  previous  position,  at  a  point  g,  below  the  centre  of  gravity; 
nd  it  can  easily'be  seen  that  the  couple  formed  by  the  force  of 
rarity  and  the  pressure  will  tend  to  tiirn  the  body  still  fnr- 
«r,  and  it  will  only  come  to  rest  when  it  falls  back  into  the  . 
oration  of  stable  equilibrium,  fioatutg  on  its  broad  side,  as  in 
%.  239. 

Wltat  has  now  been  illustrated  in  the  ca^e  of  a  rectangular 
viEm,  is  true  of  all  floating  bodies.  In  general,  the  metacentre 
Mj  be  defined  as  ihe  point  where  the  vertical  passing  through 
ke  centre  of  pretiure  in  the  position  of  eqiiilibrivin,  meets  the 
trtieal  drawn  through  the  new  c«iUre  of  pressure  after  the  body 
21* 
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has  been  slightly  displaced  from  this  position.  A  floating  body 
is  in  a  stable  condition  when  the  metacentre  is  above  the  centre 
of  gravity,  and  unstable  when  this  condition  of  things  is  reversed. 
When  the  centre  of  gravity  is  below  the  centre  of  pressure,  the 
metacentre  must  evidently  always  be  above  the  centre  of  gravitj, 
and,  as  before  shown,  this  condition  is  always  stable.  It  is  also 
evident,  from  the  above  discussion,  that  the  stability  of  a  floating 
body  is  the  greater  the  broader  tlie  submerged  part  and  the 
lower  the  position  of  the  centre  of  gravity. 

It  is  of  great  importance  to  pay  attention  to  the  conditions  of 
stable  equilibrium  in  the  construction  and  loading  of  ships. 
Vessels  which  are  used  to  transport  passengers  or  light  cargoes 
require  to  be  ballasted,  by  depositing  immediately  above  the  keel 
a  quantity  of  heavy  matter,  such  as  stones  or  pigs  of  iron.  The 
centre  of  gravity  may  thus  be*  brought  so  low,  as  to  give  the 
vessel  such  stability  that  no  lateral  force  of  the  wind  acting  on 
its  sails  can  capsize  it.  So,  aho,  the  heaviest  part  of  a  cargo 
should  always  be  deposited  in  the  lowest  possible  position,  in  o^ 
der  that  its  centre  of  gravity  may  be  immediately  over  the  keel. 
When  this  is  the  case,  any  inclination  of  the  vessel  causes  the 
centre  of  gravity  to  rise  ;  and  to  accomplish  this  requires  a  force 
proportional  to  the  weight  of  the  vessel,  and  to  the  height  through 
which  the  centre  is  elevated. 

The  equilibrium  of  a  boat  may  be  rendered  unstable  by  the 
passengers  standing  up  in  "it ;  and  this  is  not  unfrcquently  the 
cause  of  accidents  to  light  sail-boats. 

If  the  centre  of  gravity  of  a  vessel  be  not  directly  over  the 
keel,  the  vessel  will  incline  to  that  side  at  which  it  is  placed  ;  and 
if  this  disirtacoment  is  considerable,  danger  may  ensue.  The 
rolling  of  .a  vessel  in  a  storm  may  so  derange  the  ballast  or  cargo, 
as  to  throw  the  vessel  on  her  beam-ends. 

(143.)  NenircU  Eijvilibriitm. — In  some  cases,  the  position  of 
the  centre  of  pressure  is  not  changed  by  any  change  of  position 
of  the  l>ody  which  is  compatible  with  displacing  its  own  weight 
of  fluid.  In  such  a  case,  the  body  will  float  in  equilibrium  in 
any  position  indificrcntly,  and  is  said  to  be  in  a  condition  of  neu- 
tral equilibrium.  A  sphere  of  uniform  density  is  an  example  of 
this;  for  in  whatever  position  it  floats,  the  part  immersed. is 
always  a  segment  of  the  sphere  of  precisely  the  same  magnitude 
and  shape,  so  that  the  centre  06 pressure  has  always  the  same  posi- 
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ih  reference  to  the  centre  of  gravity  of  the  sphere.  Con- 
ly,  the  sphere  will  float  indiflerently  in  any  position  in 
fc  may  be  placed. 


Methods  of  determining  Specific  Gravity. 

)  The  specific  gravity  of  a  substance  lias  been  defined 
ratio  of  its  weight  to  that  of  an  equal  volume  of  pure 
t  4°  C,  —  the  temperature  at  which  the  volume  of  the 
measured  being  0**  C.  As  most  of  the  methods  used  for^ 
tiing  specific  gravity  are  illustrations  of  the  principles  of 
itics,  we  will  briefly  describe  them  in  this  connection, 
g,  however,  for  the  chapter  on  Weighing  and  Measuring, 
tical  details  of  the  subject. 

)  First  Method.  Specific- Gravity  Bottle,  —  The  most 
method  of  determining  the  specific  gravity  of  a  substance 
igh  equal  volumes  of  the  substance  and  of  water,  and 
ide  the  first  weight  by  the  last.  When  the  substance  is 
,  this  method  is  readily  applied.  We  use  for.  the  purpose 
glass  bottle,  such  as  is  represented  in  Fig.  243.  The 
closed  by  a  perforated  ground-glass  stopper 
iar  construction,  terminating  in  a  fine  tube, 
1  is  marked,  with  a  file,  a  point  to  which 
le  is  to  be  filled  at  each  experiment.  The 
^hose  tare  has  been  previously  ascertained, 
f  all  filled  with  pure  water,  and  the  stopper 
,  when  the  water  rises  in  the  glass  tube. 
3SS  of  water  above  the  mark  is  now  removed 
iece  of  bibulous  paper,  and  the  bottle  care- 
ighed.  By  substracting  from  this  weiglit 
of  tlie  bottle,  we  have  the  weight  of  a  given 
jf  water,  which  is  thus  ascertained  once  for 
then,  we  wish  to  obtain  the  specific  gravity  of  any  other 
re  fill  the  bottle  with  this  liquid  in  the  same  way  as  bc- 
i  weigh  it ;  then,  having  subtracted  the  weight  of  tlie 
e  have  the  weight  of  a  volume  of  this  liquid  equal  to 
me  of  the  water.  Representing  these  two  weights  by 
Wj  we  have,  by  definition. 


vig.ais. 


W 


(^Sp.Gr.^  =  ^, 


[85.] 
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If  we  repeat  this  process  at  different  temperatures,  we  obtain 
different  results,  owing  to  tlie  expansion  both  of  the  liquids  and  of 
tlic  glass.     It  is,  therefore,  essential  to  observe  carefully  the  tem- 
perature of  the  liquids  at  the  time  of  filling  the  bottle,  and  then 
to  calculate,  by  means  of  tables  prepared  for  the  purpose,  what 
would  have  been  the  result  had  the  temperature  of  the  water 
been  at  4**  C.  and  that  of  the  substance  at  0°  C.     This  is  called 
reducing'  the  results  to  the  standard  temperature^  and  the  method 
of  making  the  reduction  will  be  described  in  the  chapter  just  re- 
ferred to. 

The  specific-gravity  bottle  may  also  be  applied  to  determin- 
ing the  specific  gravity  of  solids,  when  they  can  be  broken  into 
small  pieces.  For  this  purpose,  we  take  a  specific-grayity 
bottle  and  determine  the  weight  of  the  bottle  when  filled  with 
water,  as  before  described.  Call  this  weight  PT,.  We  then  in- 
troduce into  the  bottle  a  known  weight  of  the  solid,  W^  and  fill 
up  the  remainder  of  the  bottle  with  water.  The  weight  of  the 
bottle,  solid  and  water,  which  we  then  ascertain,  we  will  repre- 
sent by  TPi.  It  is  then  evident  that  the  weight  of  water  dis- 
placed by  the  solid  is  W' =  W^  -}-  W —  PTj,  and  hence  we  have 


(  Sp.  Gr.)  = 


W 


w,  +  w—  W^ 


[86.] 


Vlg.244. 


Here,  as  before,  it  is  necessary  to  reduce 
the  results  obtained  to  the  standard  tem- 
perature. 

(146.)  Second  Method.  T/ie  Hydro- 
static Balance. — We  suspend  the  body  by 
a  fine  thread  to  the  pan  of  a  balance  (Fig. 
244),  and,  having  equipoised  it  by  means 
of  a  tare  in  the  other  pan,  immerse  it 
in  water,  as  represented  in  the  figure. 
The  weight  which  it  loses,  being  exactly 
equal  to  that  of  the  water  which  it  dis- 
places, is  the  weight  of  a  volume  of 
water  equal  to  that  of  the  body  which 
we  wish  to  find.  Hence,  in  order  to  de- 
termine this  weight,  we  have  only  to  add 
weights  to  the  pan  from  which  the  body 
is  suspended,  until  the  equilibrium  is  es- 
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It  is  evidently  essential  to  the  accuracy  of  this  meth- 
;he  water  used  should  be  pure,  and  the  thread  so  fine 
an,  without  sensible  error,  neglect  the  weight  of  water 
itself  displaces. 

3ntiug   by  W  the  weight  of  the  body,  and  by  W  the 
squired  to  restore  the  equilibrium,  we  have,  by  defini- 


(iSjp.Gr.)  = 


[87.] 


;  thus  obtained  must  be  reduced  to  the  standard  tem- 


ethod  may  also  be  applied  to  liquids  as  well  as  to  solids. 
)urpose  we  prepare  a  closed  glass  tube,  and  enclose  iu 
nt   mercury  to  sink  the  tube  beneath   any 
Xh  the  exception  of  the  two  heaviest,  mer- 

bromine.     To  this   tube  we  attach  a  fine 
wire,  as  in  Fig.  245,  which  represents  thp 

of  its  full  size.  We  commence  by  deter- 
ice  for  all,  by  the  method  just  described,  the 

the  volume  of  water  at  4°  C.  which  the  glass 
laces.  This  we  may  call  C,  as  it  is  a  con- 
ntity  for  each  apparatus.  In  order,  now,  to 
J  the  specific  gravity  of  a  liquid,  we  suspend 
to  the  pan  of  a  balance,  and,  having  equi- 
by  placing  a  weight,  prepared  for  the  pur- 
le  other  pan,  immerse  it  in  the  liquid.  The 
f  weight  required  to  restore  the  equilibrium 
ight  of  the  volume  of  this  liquid  which  the 
aces,  and  the  weight  of  the  same  volume  of 
l®  C.  is  known  to  be  C     Hence  tlie  specific 

'  tlie  liquid  is  -^ .     This  value  must  be  cor- 

the  temperature  at  which  the  experiment  is  made. 

Third  Method.  Hydrometers.  —  In  this  method,  the 
I  not  used,  but  its  place  is  supplied  by  floating  bodies  of 
construction,  called  hydrometers.  A  few  of  these  wc 
describe.  They  may,  for  convenience,  be  divided  into 
es,  —  Hydrometers  with  a  Constant  Volume,  and  Hy- 
j  with  a  Constant  Weight. 
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WITH  A  CONSTANT  TOLUHB. 

1.  Nicholson's  Hydrometer.  —  This  iDBtrumeot  is  represent- 
ed in  Fig.  246.  It  consists  of  a  hollow,  cylindrical  vessel,  B, 
made  usually  of  sheet  braes  or  tinned  iron.  To  the  lower  end 
of  this  vessel  is  fastened  a  cone  filled  with  lead,  C,  the  base  oT 
which  forms  a  pan  on  which  the  body  whose  specific  gravity  \s  to 
be  determined  is  placed.  The  object  of 
the  lead  is  to  load  the  apparatus  so  that 
the  centre  of  gravity  may  be  below  the 
centre  of  pressure,  which,  as  we  have  seen 
(142),  is  &  condition  of  stable  equilibrinm. 
To  the  top  of  the  vessel  is  fastened  a  wire, 
which  supports  the  pan  A,  and  on  tliii 
wire  is  marked  a  fixed  point,  o. 

In  using  this  apparatus,  we  commence 
by  determiuing  tlie  weight  which,  placed 
in  the  pan  A,  will  sink  the  hydrometer  to 
tlie  fixed  point  o.  This  is  a  conEtant 
quantity  for  tlie  same  apparatus,  and  mij 
be  represented' by  C.  Let  us  suppose  thtf 
in  any  given  case  it  is  125  grammes,  and 
Fig.  246.  tliat  it  is  required  to  determine  the  qie- 

cific  gravity  of  sulphur.  We  take  a  piec« 
of  sulphur,  weighing  less  tlian  125  grammes,  and  place  it  on 
the  pan  A,  and  then  add  weights  until  the  hydrometer  siuki 
again  to  the  fixed  point  o.  If  it  requires  55  grammes  to  siuk 
it  to  the  fixed  point,  it  is  evident  that  the  weight  of  the  sui- 
phnr  is  125  —  55  ^  70  grammes.  Having  determined  tin 
weight  of  the  sulphur  in  the  air,  it  only  remains  to  determiae 
the  weight  of  an  equal  volume  of  water.  Fter  this  purpose, « 
•raise  the  hydrometer,  and,  without  disturbing  the  weiglits,  shiS 
the  piece  of  sidphur  to  the  pan  C,  and  replace  the  instrumeDt  il 
the  water.  It  will  not,  of  course,  sink  to  the  fixed  pouit ;  l*- 
cause  the  piece  of  sulphur,  which  is  now  submerged,  is  but^tt- 
up  by  a  force  equal  to  the  weight  of  its  volume  of  water.  ^ 
now,  we  add  weights  to  the  pan  A,  until  the  hydrometer  a^glSlt 
sinks  to  the  point  o,  we  aliall  find  that  34.4  grammes  are  Wl 
quired.  This  is  then  the  weight  of  its  volume  of  water,  and  At! 
specific  gravity  is  ^  =  2.08.      Representing  the 
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iscribed  above  by  C,  W,  and  W\  we  have  in  every  case 

=  — =; — .  If  tlie  mstrumeiit  is  to  be  used  for  sub- 
;litcr  tiian  water,  a  perforated  cover  is  adapted  to  the 
prevent  them  from  rising  to  the  surface  of  the  liquid. 
enAeil's  Hydrometer.  —  This  iiistruioent  (Fig.  247)  is 
leterminiug  the  specific  gravity  of  liquid,  and  differs 
ne  just  described  only  in  l>eing  made 
iid  in  having  no  lower  pan.  In  using 
.mcnt,  we  commence  by  weighing  it 
:e.  Let  us  call  its  weight  C.  Then, 
iced  it  in  water,  we  determine  the 

weight  required  to  suik  it  to  a  6xcd 
ked  on  the  stem,  which  we  will  rcp- 
■.    The  sum  of  these  constant  weights, 

is,  by  (141),  equal  to  the  weight 
er  displaced.  We  then  float  tlie  hy- 
in  the  liquid  whose  specific  gravity 
3  find,  and  determine  the  weight  re- 
ink  it  in  this  liquid  to  the  fixed  point, 
/^eight  W.     Then  C  +  TT  is  equal  to  tt,.  la. 

t  of  the  liquid  displaced,  and  since 
d  C  -\-W  &VQ  the  weights  of  the   same  volumes  of 

the  liquid,  the  spccifiG  gravity  of  the  liquid  is  easily 


(^Sp.Gr.)-. 


C+W 


'■] 
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two  hydrometers  just  described,  tlic  volume  of  the 
t,  which  is  submerged,  remains  constant  during  the 
t,  and  the  specific  gravity  is  determined  from  the 
'weight  required  to  keep  the  volume  constant  under 
ircumstances.  The  hydrometers  in  most  general  use 
acted  on  a  different  principle.  In  these  the  weight  is 
and  the  specific  gravity  of  a  liquid  is  dcterniincd  by 
'  the  volume  of  this  liquid  which  the  instrument  dis- 
;n  floating  in  it.  The  weight  of  this  volume  is,  by 
1  same  as  the  weight  of  the  instrument.  If,  then,  we 
by  F' the  volume  of  water  which  the  instrument  di.=- 
ui  floating  in  this  liquid,  and  by  V  the  volume  of  any 
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other  liquid  which  it  displaces,  it  is  evident  that  the  volumes  Y 
and  V  of  the  two  liquids  have  the  same  weight,  namely,  that  of 
the  hydrometer.  But  it  follows  from  [56],  that  when  the  weights 
of  different  volumes  of  two  liquids  are  equal,  V  .  (<^.Gr.)  = 
V  .  (  Sp.  Gr.y.  When  one  of  the  liquids  is  water,  (  Sp.  Gr.y=^\^ 
and  wc  obtain,  for  the  specific  gravity  of  the  other  liquid, 

(iSp.Gr.)  =  -^'.  [89.] 

From  this  it  appears,  that,  when  we  know  the  volumes  of  equal 
weights  of  water  and  any  given  liquid,  we  can  find  the  specific 
gravity  of  the  liquid  by  dividing  the  volume  of  the  water  by  the 
volume  of  tlie  liquid. 

3.   Gat/'Lussac^s  Volumeter.  —  This  is  the  best  instrument  of 
its  class.     In  its  simplest  form  (Fig.  248),  it  consists  of  a  glass 

tube  closed  at  both  ends,  which  is  graduated 
into  parts  of  equal  capacity.  The  size  of 
the  parts  is  unimportant,  it  being  only  neces- 
sary that  they  should  all  be  equal.  The  di- 
visions are  numbered  from  1  to  100,  or  to 
150,  as  the  case  may  require,  commencing  at 
the  lower  end  of  the  tube.  Before  the  tube 
is  finally  closed,  it  is  loaded  with  mercury,  so 
that,  when  floating  on  water,  it  will  sink  to 
the  100th  division  on  the  scale  ;  or,  in  other 
words,  so  that  it  will  displace  100  measures  of 
water.  If,  now,  we  float  it  on  sulphuric  acid, 
it  will  only  sink  to  the  54th  division.  Hence 
100  measures  of  water  and  54  measures  of 
sulphuric  acid  have  the  same  weight,  and  the 
specific  gravity  of  sulphuric  acid  is,  there*- 
fore,  ^  =  1.85.  If  we  float  the  hydrome- 
ter on  alcohol,  it  will  sink  to  the  125th  divis- 
ion. Hence  the  specific  gravity  of  alcoholi 
is  |J%  =  0.80.  Since  a  definite  specific  grtf- 
ity  corresponds  to  each  of  the  divisions  of  the  scale,  it  is  usuil^ 
to  calculate  these,  and  inscribe  them  on  the  scale  in  place  d 
the  simple  numbers  denoting  the  volume.  The  instnimenti 
when  so  prepared,  is  generally  called  a  densimeter.  As  thStt^ 
are  no  liquids  which  have  a  less  specific  gravity  than  0.60,  and 
only  two  (mercury  and  bromine)  which  have  a  greater  spedfiftj; 
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than  2,  it  is  evident  that  the  divisions  on  the  scale  need 
tend  from  50  to  166.  It  is  not  usual,  however,  to  have 
)Ie  scale  on  a  single  instrument,  and,  as  a  general  rule, 
le  is  divided  over  three  separate  hydrometers.  The  first 
r  liquids  lighter  than  water,  is  graduated  from  100  (cor- 
[iug  to  the  specific  gravity  1.90),  near  the  middle  of  the 
'  166  (corresponding  to  0.60),  at  the  top  of  the  tube  ;  the 
for  saline  solutions,  is  graduated  from  100  (corresponding 
),  at  the  top  of  the  tube,  to  75  (corresponding  to  1.33), 
e  middle  ;  finally,  the  third  instrument  is  graduated  from 
responding  to  1.33),  at  the  top  of  the  tube,  to  50  (cor- 
ling  to  2.00),  near  the  middle  of  the  tube.  In  graduating 
strument,  it  is  so  loaded  that  it  shall  sink  in  water  to  the 
livision  of  the  centesimal  scale,  and  in  all  cases  the  spo;- 
^vities  are  subsequently  calculated,  and  inscribed  on  the 
;ainst  each  division. 

more  usual  to  give  to  the  hydrometer  the  form  rep- 

1  in  Pig.  249.     This  shortens  the  instrument  very  great- 

3  the  volume  of  the  long  tube  in  Fig.  248  is  here  re- 

by  a  short  bulb.     The  principle  of  the  two  forms  of  the 

ent  is  precisely  the  same,  but  it  is  more  difficult  to  grad- 

i  second  pattern.     Tlie  easiest  method  is  the  following. 

nstrument  is  to  be  used  for  liquids  heavier  than  water, 

load  it  with  mercury  until  it  sinks  to  a  point  A,  near 

of  the  tube,  which  we  mark  100.     We  next  float  it  in 

of  known  specific  gravity,  for  example,  1.333,  and  it  will 

a  point  B.     Now,  by  [85],  1.333  =  'r^%  and  x  =  75. 

vision  is,  therefore,  the  75th,  and  we  divide  the  space 

the  two  into  25  equal  parts,  and  continue  the  divisions  of 

e  size  to  the  base  of  the  stem.     Each  of  these  divisions 

n  be  xiff  of  the  whole  volume  of  the  apparatus  below  the 

livision  first  marked  at  A.     If  the  instrument  is  to  be 

r  liquids  lighter  than  water,  we  adjust  it  so  that  the 

livision  shall  be  at  the  base  of  the  stem,  and  then,  by 

the   instrument   in  alcohol  of  known  specific  gravity, 

ne  a  higher  point,  and  then  divide  the  stem  as  before. 

lutne^s  Hydrometer.  —  This  hydrometer  belongs  to  the 

I8S  with  that  of  Gay-Lussac,  but  it  is  graduated  in  a  man- 

ch  is  entirely  arbitrary,  and  does  not  indicate  the  specific 

of  Uie  liquid.     There  are  two  methods  used  in  graduat- 

22 
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tween  these  diTisions  is  oow  divided  into  twenty  equal  pt 
the  dmsious  are  continued  to  the  top  of  tlie  Btem.  Si 
has  exactly  the  same  size  throughout,  each  division  con 
to  one  twentieth  of  a  gramme,  or  0.05  gram. 

According  to  Ihis  graduation,  if  we  wish  to  obtain  the 
of  any  liquid,  —  bile,  for  example,  —  we  fill  the  cup  w 
liquid  to  the  point  marked  on  the  side.  The  instrument  v 
Bink,  perhaps,  to  the  20.5  division  on  the  stem.  The  w( 
one  cubic  centimetre  of  bile  is,  then,  0.06  X  20.5^  1.02i 
Since  the  weight  of  the  same  volume  of  water  at  i" 
gramme,  the  specific  gravity  of  bile  is  1.025  -^  1  ^  l.Oi 
general,  then,  the 
gravity  of  a  liquid  i 
with  this  itistnim 
multiplying  0.05 
number  of  the  divi 
which  it  sinks  iu 
when  loaded  with  or 
centimetre  of  the  lii 
The  indications  of 
drometers  are  very 
influenced  by  capilli 
traction,  and  the  mi 
the  more  delicate)/ tb 
constructed.  They  in 
therefore,  iiistnioieDt 
precision;  buttlieyare 
fill,  since  tliey  give  rap 
approximate  results. 
(U8.^  Fmirlft  IStt 
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two  tubes  connected  above  with  each  other  and  with  the  chamber 
of  an  air-syringe.    Tlie  lower  ends  of  tliese  tubes  dip,  the  one  into 
a  glass  of  water,  and  the  other  into  a  glass  containing  the  liquid 
vhose  specific  gravity  is  required.     On  partially  exhausting  the 
2xt  from  the  top  of  the  tubes  by  means  of  the  syringe,  the  liquids 
▼ill  rise  in  the  two  tubes.     If,  now,  we  close  the  stopcock  con- 
necting with  the  syringe,  the  liquids  will  stand  permanently  at  a 
certain  height  in  either  tube.     Moreover,  it  is  evident,  from  the 
construction  of  the  apparatus,  that  the  two  columns  of  liquid  are 
in  equilibrium  with  each  other.     Using,  then,  the  notation  of 
(131),  we  have,  from  [81], 

H:H'  =  l:(iSp.Gr.},    or    <iSp.GrO  =  f^;     [00.] 

flat  is,  the  specific  gravity  of  tlic  liquid  is  found  by  dividing  the 

ki^t  of  the  column  of  water  by  that  of  the  liquid.     The  heights 

rf  the  columns  may  be  measured  cither  by  means  of  a  scale  on 

fte  tube,  or  by  a  cathetomctcr  (see  Fig.  19G).     If  the  lif^uid  were 

•kohol,  for  example,  and  the  lieight  of  the  water  column  meas- 

tt«4  60  cm.,  the  height  of  the  alcoliol  column  would  be  found 

■to measure  75  cm.     Hence,  the   specific    gravity  of   alcohol 

»  H  =  0.80. 


P' 


PROBLEiMS. 

•  Suoyancy  of  Liquids* 

IM.  A  man,  exerting  all  his  force,  can  raise  a  weight  of  50  kilog. 
fhiYOQld  be  the  weight  of  a  stone  {Sp.Gr.  =  2.5)  whicli  lie  could 

jiuse  under  water? 

]07.  Bow  macb  force  in  kilogrammes  would  be  required  to  rais(i  undcT 

f  lltftf  oT Mphaltum  (Sp.Gr.  ^  1.10)  weighing  500  kilogrammes? 

«l^  Bow  many   kilogrammes   will    100    kilogrammes   of    cast-iron 

^,0^7J5)  weigh  under  water  ? 

0ffW  JOOch    will  the  same  amount  of  iron  weigh  under  alcohol 

■"      ce  of  gold  be  balanced  by  its  weight  of  brass  in  a 

most  be  made  to  the  brass  so  that  they  may  be  in 

-^^^^ereed  in  water?  Sp.  Gr.  of  Brass  8.55 ;  of  Gold  1  ^.36. 

*ice  in  kilogrammes  would  be  required  to  sustain 

cubic  decimetre  of  platinum  ?     The  specific  gmv- 

;  that  of  mercury,  13.598. 


'^ 
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Floating  Bodies. 

112.  How  much  bulk  must  a  hollow  vessel  of  copper  fill,  t 
kilogramme,  which  will  just  float  in  water  ? 

113.  How  much  bulk  must  a  hollow  vessel  of  iron  occuj 
10  kilogrammes,  which  sinks  one  half  in  water? 

114.  A  boat  dbtplaces  10  m.^  of  water.  WTiat  is  the  w< 
boat? 

115.  A  cube  of  wood,  weighing  100  kilogrammes,  sinks  th 
in  water.  What  is  the  specific  gravity  of  the  wood,  and  wlit 
of  the  cube  ? 

116.  Wliat  portion  of  a  cube  of  solid  iron  {Sp,  Gr,  =  7.' 
in  mercury  {Sp,  Gr.  =«  13.G)  ? 

117.  A  life-boat  contains  100  m.^  of  wood,  whose  specifi* 
equal  to  0.8,  and  50  irH'  of  air,  whose  specific  gravity  is  0.0( 
filled  with  fresh  water,  what  weight  of  iron  ballast,  whose  spe 
is  7.G45,  must  be  thrown  into  it  before  it  will  begin  to  sink  ? 

118.  If  the  specific  gravities  of  a  man,  of  water,  and  of  co: 
1.000,  and  .240  respectively,  find  what  weight  of  cork  must  I 
to  a  man,  weighing  75  kilogrammes,  that  he  may  just  float  in 

119.  Determine  the  weight  of  a  hydrometer,  which  sinks 
rectified  spirits,  whose  specific  gravity  is  0.86G,  as  it  sinks  in 
loaded  with  4  gram. 

120.  A  ship,  sailing  into  a  river,  sinks  2  c.  m.,  and,  after 
12,000  kilogrammes  of  her  cargo,  rises  1  c.  m. ;  determine  tl 
the  ship  and  cargo,  the  specific  gravity  of  sea-water  beinc 
fresh  as  1.026  is  to  1. 

121.  If  a  solid,  whose  specific  gravity  =»=  6,  float  in  a  liquid 
cific  gravity  =  15,  determine  tlie  proportion  of  the  parts  iram 

122.  If  a  globe  of  wood,  when  placed  in  a  vessel  of  water, 
above  the  surface,  but,  when  placed  in  a  liquid  whose  specifi 
0.80,  rise  only  3  c.  m.  above  the  surface  of  the  liquid,  detem 
ameter  of  the  globe. 

128.  Having  given  the  specific  gravities  of  iron  and  watci 
what  proportion  the  thickness  of  a  hollow  iron  globe  must 
diameter^  that  it  may  just  float  in  water. 

124  A  pazallelopiped  of  ice,  whose  three  dimensions  a 
15.75  m,,  and  20.45  m.,  is  floating  in  sea-water  on  its  broades 
anniAo  gnmtj  of  aea-water  is  1.026,  and  that  of  ice  0.930.    Bi 
^  die  paiallelopiped  above  the  surface  of  the  water. 

U  m.  hif^  and  1.2  m.  in  diameter  at  tlie  base, 
in  a  vertical  position,  and  sinks  in  it  20  d.  j 
diaplaeed  by  the  cone  ?    If  the  cooe  is  iDve 
bow  deep  will  it  then  sink  ? 
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L  hollow  cylinder  of  iron  plate  is  2.5  m.  in  diameter  and  1.75  m. 
be  plate  is  1  c  m.  thick,  and  its  specific  gravity  7.79.  Will  it 
ater,  and  if  so,  how  deep  will  it  sink  when  its  axis  is  vertical  ? 
L  cube  of  lead  measures  4  c  m.  on  each  side.  It  is  required  to 
;  under  water  by  suspending  it  to  a  cube  of  cork.  What  must 
:e  of  a  cube  of  cork  which  just  sustains  it,  assuming  that  the 
ravity  of  cork  equals  0.24,  and  that  of  lead  11.35  ? 

Elasticity  of  Liquids* 

L  cubic  metre  of  water  is  submitted  to  a  pressure  of  15  atmos- 
How  great  is  the  condensation  ?  and  what  is  the  specific  gravity 
ndensed  liquid  ? 

Lt  a  depth  in  the  ocean  of  a  little  over  5  kilometres,  the  pressure 
io  500  atmospheres.  What  is  the  specific  gravity  of  the  water 
epth,  assuming  that  the  specific  gravity  of  sea-water  is  1.026, 
ompressibility  0.0000436  ? 

Hydrostatic  Press, 

a  the  hydrostatic  press  are  given  the  diameters  of  the  two  cylin- 

3d  d'j  and  the  force  applied  to  the  pump  F.     Determine  the 

produced. 

Q  the  hydrostatic  press,  suppose  the  diameters  to  be  4  c.  m.  and 

espectively,  the  length  of  the  pump-handle  to  be  1  m.,  and  the 

of  the  pump  from  the  fulcrum  of  the  handle  10  c.  m.     Deter- 

^hat  proportion  the  pressure  exerted  is  increased. 

-essure  exerted  by  Liquids  in  Consequence  of  their  Weight. 

medf  in  the  following  problems,  thai  liquids  are  incompressible,  and  hence  that  their 
vitaf  is  not  inereased,  however  great  may  be  the  pressure  to  which  they  are  exposed. 

ihe  whole  pressure  on  the  bottom  of  a  tub  of  water,  the  radius 
.  is  30  c.  m.,  is  50  kilogrammes.     What  is  the   depth   of  the 
the  pail? 

iHiat  18  the  pressure  exerted  by  the  water  on  every  square  cen- 
3f  the  bftse  of  a  cylindrical  vessel,  in  which  the  liquid  stands  at 
hi  of  10.336  m.  above  the  base  ?  If  the  water  in  the  vessel  were 
IVj  mercmy,  how  high  must  the  liquid  stand,  so  that  the  pressure 
be  die  same  as  before  ? 

& kRUBODtal and  circular  bottom  of  a  flask,  15  cm.  in  diame- 
^U  with  maeaatj  to  the  depth  of  20  c.  m.  How  great  is  the 
!»^ die  bottom? 

'  MM  bsii^  must  a  oolmnn  of  water  have,  which  will  exert  a 
*>tf  1/NH)  kilogramoies  on  every  square  decimetre  ? 
^  iiUM  tend  Js  fiUed  with  water,  and  into  its  side  a  bent  tube 
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is  inserted,  filled  with  water,  and  communicating  with  the  water  in  tbe 
vessel.  Determine  the  pressure  on  the  top  of  the  vessel,  the  Tertical 
height  of  the  extremity  of  the  tube  above  the  vessel  being  (m)  times  tbe 
height  of  the  vessel. 

137.  A  sphere,  10  c  m.  in  diameter,  is  sunk  to  the  depth  of  100  m.B 
a  fresh-water  lake.     Determine  the  total  pressure  exerted  on  its  surface. 

138.  A  cylinder,  15  cm.  in  diameter  and  20  c  m.  high,  is  sank  » 
that  its  centre  is  at  the  depth  of  1  m.  below  the  surface  of  the  water.  De 
termine  the  total  pressure  exerted  on  its  surface. 

139.  A  hollow  cone,  10  c.  m.  in  diameter  at  the  base  and  5  c  m.  higb 
is  filled  with  water.  Determine  tbe  pressure  on  the  base  and  on  the  ooq 
vex  surface.  Centre  of  gravity  of  convex  surface  is  in  the  axis  of  ti» 
cone  at  ^  of  the  altitude  from  the  base. 

140.  A  cylindrical  vessel  10  c  m.  in  diameter  and  10  c.  m.  high,  is  fille( 
with  water.   Determine  the  pressure  on  the  base  and  on  the  convex  surto 

141.  A  hollow  cone,  without  a  bottom,  stands  on  a  horizontal  plane 
and  water  is  poured  in  at  the  vertex.  The  weight  of  the  cone  beinj 
given,  how  far  may  it  be  filled  so  as  not  to  run  out  below  ? 

142.  A  hemispherical  vessel,  10  c  m.  in  diameter,  without  a  bottoa 
stands  on  a  horizontal  plane.  When  just  filled  with  water,  the  liqnii 
begins  to  run  out  at  the  bottom.     Determine  the  weight  of  the  vessel. 

143.  A  straight  line  is  just  immersed  vertically  in  a  liquid.  Bo 
quired  to  divide  it  into  three  portions,  which  shall  be  equally  pressed. 

144.  Compare  the  pressures  on  the  three  sides  of  an  equilateral  tri 
angle,  just  immersed  in  a  liquid  in  such  a  manner  that  one  side  maj  h 
perpendicular  to  its  surface. 

Specific  Gravity. 

145.  Determine  tlie  specific  gravity  of  absolute  alcohol  from  the  tt 
lowing  data :  — 

Weight  of  bottle  empty, 4.326  gram. 

"             "         filled  with  water  at  4°,         .  19.654     ** 

"             "         filled  with  alcohol  at  0^, .         .  16.741      ** 
140.  Determine  the  specific  gravity  of  sulphuric  acid  from  the  follow 
ing  data  :  — 

Weight  of  bottle  empty, 4.326  gram. 

"             "         filled  ^vith  water  at  4^,        .  19.654     « 

''             "         filled  with  sulphuric  acid  at  0%  28.219      ** 

147.  Determine  tlie  specific  gravity  of  lead  shot  from  the  followinj 
data :  — 

Weight  of  bottle  filled  with  water  at  4*,        .  19.654  gram. 

"          shot, 15.456      ^ 

"          bottle,  shot,  and  water,          .         .  33.766     ** 
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148.  Determine  the  specific  gravity  of  gold  from  the  following  data :  — 
Weight  of  gold  in  air,     .         .         .         .         4.213  gram. 

Loss  of  weight  in  water,     ....     0.2205    " 

149.  Determine  the  specific  gravity  of  hanmiered  copper  from  the  fol- 
lowing data :  — 

Weight  of  copper  in  air,     ....  1.809  gram. 

"  "         underwater,        .         .  1.608      " 

150.  Determine  the  specific  gravity  of  saltpetre  from  the  following 
daai:  — 

Weight  of  saltpetre  in  air,  .         .         .         .1.216  gram. 

**  "  under  alcohol,  .         .         0.734      " 

Specific  gravity  of  alcohol, ....     0.792      " 

151.  Determine  the  specific  gravity  of  asli  wood  from  the  following 
data:  — 

Weight  of  wood  in  air,    .         .         .  25.350  gram. 

"      "     a- copper  sinker,         .         .  11.000      "     . 

"      "      wood  and  sinker  under  water,  5.100      " 

Specific  gravity  of  copper,         .         .         .       8.950      ** 

152.  A  sphere  of  platinum  weighs  in  air  84  gram.,  and  in  mercury  31 
tUBL    What  is  the  specific  gravity  of  platinum  ? 

153.  A  piece  of  metal  weighs  5.219  gram,  in  air,  4.132  gram,  in  water, 
nd  4.009  gram,  in  a  given  liquid.  What  is  the  specific  gravity  of  the 
letal  and  of  the  liquid  ? 

154  A  body.  A,  weighs  in  air  7.55  gram.,  in  water  5.17  gram.,  in  an- 
ther liquid  5.35  gram.  What  is  the  specific  gravity  of  the  body  and  of 
ie  liquid  ? 

155.  A  body  weighs  14  gram,  in  a  vacuum  and  9  gram,  in  water  ;  an- 
ther weighs  8  gram,  in  a  vacuum  and  7  gram,  in  water.  Compare  their 
pecific  gravities. 

156.  A  glass  ball,  weighing  10  gram.,  loses  3.636  gram,  in  water,  and 
^  gram,  in  alcohoL     What  is  the  specific  gravity  of  alcohol  ? 

157.  A  glass  ball,  weighing  10  gram,  and  whose  Sp.  Gr,  =  2.75,  weighs, 
aider  rape-seed  oil,  6.658  gram.    What  is  the  specific  gravity  of  this  oil  ? 

158.  A  glass  ball,  as  above,  weighs  under  water  6.364  gram.,  and  under 
■other  liquid  7.12  gram.     What  is  the  specific  gravity  of  this  liquid? 

159.  A  volumetre,  whose  stem  is  exactly  cylindrical,  sinks  in  a  liquid 
•hose  Sp.  Gr.  «=  1.1  to  a  point  i,  and  in  pure  water  at  4°  C.  to  a  point  a. 
the  distance  from  a  to  &  is  4  c  m.  How  far  from  a  must  the  divi^^ions 
fe  pbced  to  which  the  hydrometer  will  sink  in  liquids  whose  Sp.  Gr.  »= 
L01,1.02,  1.03,  1.04,  1.05. 

160.  A  similar  volumeter  sinks  in  a  liquid  wliose  Sp.  Gr.  r=  ^  to  a 
►•int  b,  and  in  a  liquid  whose  Sp.  Gr.  =  ^Mo  a  point  a,  higher  on  the 
ten.  What  is  the  specific  gravity  of  a  liquid  in  which  it  sinks  to  an  in- 
kmediate  point,  dy  when  bd'^Xf  and  ab  =^L 
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161.  A  colamn  of  waxer  IJjo  m.  high  b  in  eqailibriam  with  a  colonm 
of  liquid  2.17  m.  high.     What  is  the  specific  gravity  of  the  liquid? 

1C2.  An  allov  of  gold  and  silver  weighs  10  kilogrammes  in  airraid 
9.375  kilogrammes  in  water.  What  are  the  proportions  of  gold  and 
silver?     The  sfiecific  gravity  of  gold  =«  19.2,  of  silver  *«  10.5. 

1 03.  An  alloy  of  copper  and  silver  weighs  37  kilogrammes  in  th€  air, 
and  loss's  3.CCG  kilogrammes  when  weighed  in  water-  What  are  the  pro- 
portions of  silver  and  copper  ? 

1 04.  The  specific  gravity  of  zinc  is  7,  and  that  of  copper  9,  nearij. 
What  amounts  of  zinc  and  copper  must  he  taken  to  form  an  alloy  weigh- 
ing 50  gram.,  and  liaving  a  specific  gravity  equal  to  8.2,  assummg  that 
the  volume  of  tlie  alloy  is  exactly  the  sum  of  the  volumes  of  the  ti« 
metals  ? 

105.  Required  the  si>ocific  gravity  of  a  mixture  of  18  kilogrammes  rf 
sulphuric  acid  and  8  kilogrammes  of  water,  assuming  that  the  spedie 
gravity  of  the  acid  is  equal  to  1.84,  and  that  the  volume  of  the  miitawl 
is  condensed  g^. 

106.  Into  a  cylindrical  vessel  with  a  horizontal  base  10  c,m.  in  diniK* 
ter,  there  are  poured  12  kilogrammes  of  mercury.  At  what  height  will  thi 
liquid  rise  in  the  cylinder  ?     The  specific  gravity  of  mercury  is  13.59^ 

107.  How  much  mercury  will  a  conical  vessel  hold  which  is  87  c.* 
high  and  40  c  m.  in  diameter  at  the  base  ? 

108.  A  cylinder  of  oak  wood  is  30  cm.  in  diameter  and  2.5  m.  kngJ 
the  specific  gravity  of  the  wood  is  1.17.  What  is  the  volume  and  thi 
weight  of  the  cylinder? 

109.  A  cylindrical  vessel  is  30.9  cm.  high,  and  24.6  cm.  in  diamelff»^ 
interior  mea^sure.     How  much  alcohol  of  specific  gravity  0.863  >^-ill  the 
cylinder  contain  ?  ^ 

170.  Leaves  of  gold  are  made  only  0.001  m.  m.  in  thickness ;  the  spft* 
cific  gravity  of  gold  equals  19.032.     How  much  surface  can  be  covewi^ 
with  10  gram,  of  gold  ? 

171.  A  cast-iron  ball  weighs  12  kilogrammes  ;    the  specific  gravity rf-' 
ca<«t-iron  is  7  35.     What  is  the  radius  of  the  ball  ?  \ 

172.  What  is  the  diameter  of  a  platinum  wire  which  weighs  28|nHfc  =^ 
for  each  metre  of  length  ?     The  specific  gravity  of  platinum  is  22.06.      ^ 

173.  A  silver  wire  125  m.  long  weighs  6  gram.;  the  specific  graTityw  "^ 
silver  is  10.474.     What  is  the  diameter  of  the  wire  ? 

174.  In  a  capillary  tube  is  contained  a  column  of  mercury,  weigUm^ 
0.500  gram.,  which  measures  13.700  c  m.  at  0°  C.     What  is  the  diamelu 
of  the  tube  ? 

175.  A  wire  0.785  m.  long,  and  weighing  0.364  gram.,  loses  0.017 
when  weighed  under  water.     What  is  the  diameter  of  the  wire  ? 
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m.   CHABACTEKtSTIC  PrOPEBTIES  OF   GaSES. 

(149.)  Mechanical  Condition  of  Gases.  —  Tlie  peculiar  prop- 
erties of  a  gas  seem  to  depend  on  the  fact,  that  the  repulsive 
forces  existing  between  its  particles  are  greater  than  the  attrac- 
tive forces  (78).  CoDseqaentlj',  the  particles  of  a  gas  tend  to 
Rcede  from  each  other,  and  were  it  not  for  extraneous  causes  tlie 
ps  would  expand  —  so  far  as  is  known  —  indefinitely  into  space. 
Hiis  natural  tendency  of  gases  is  restrained  on  the  surface  of  our 
^be  by  the  pressure  which  the  atmosphere  exerts  in  consequence 
of  ita  weight ;  but  when  this  pres- 
Kre  is  removed,  the  expansive  teu- 
deucf  becomes  at  once  manifest. 
The  air  which  is-  contained  in  the 
tadia-ruhber  bag  (Fig.  253),  for 
fiiample,  is  prevented  from  expand- 
ing hy  the  pressure  of  the  atmos- 
[rfiere  on  its  exterior  surface.  If, 
Knrever,  we  place  the  bag  under 
ihe  receiver  of  an  air-pump,  and 
remove  the  pressure  by  exhausting 
the  air,  the  bag  will  at  once  ex- 
pand; and  this  expansion  will  con- 
tinue until  the  expansive  tendency 
of  the  air  is  balanced  by  the  elas- 
ticity of  the  bag. 

The  force  with  which  a  gas  tends  to  expand  is  called  its  ten- 
sion ;  and  it  is  evident  that,  when  in  a  state  of  rest,  the  tension 
of  a  gas  must  be  exactly  equal  to  the  pressure  to  which  it  is  ex- 
posed ;  for  were  this  not  the  case,  the  force  which  was  in  excess 
voold  cause  a  motion  in  the  particles,  which  is  inconsistent  with 
the  inpposition.  It  appears,  therefore,  that  in  a  gas,  as  in  a 
liquid,  the  particles  are  in  a  condition  of  equilibrium  ;  the  only 
fi&rence  being,  that  in  a  liquid  the  equilibrium  exists  between 
the  attractive  and  repulsive  forces  in  tlio  liquid  itself,  but  in  the 
gtt,  between  the  excess  of  repulsive  forces  in  the  body  and  an  ex- 
ternal pressure.  In  consequence  of  this  condition  of  equilibrium, 
^Ae  particles  of  gases  are  endowed  with  perfect  freedom  of  motion, 
voA  gases  are  therefore  _//Mirfs  (117).  Moreover,  since  they  are 
.both  elastic  (77)  and  ponderable  (7),  it  follows  that  all  those 
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zr^ji^fTit^  Viii*^  ir»  :ai*  itBty^wrj  ^fQusefsvoMe  of  these  mechiD- 
iji!al  •j-.nsL.'z*:!!:*  nn:^  i^mr  ^  zaeiss  is  w^  ae$  ta  liquids.  These, 
as  Vi^:»r»  II  *  .  aasmZj  rrnie  aftsneivvs  into  two  classes: 
fr^c  'su-jift  -riii'Ji  tr»  fs^Kworaesis  ^if  lb?  actua  of  gmvitr ;  and, 
Kwr.oi"  T.  tiit:*^  TTifnii  itwnii  t3«ml  ic-  A«  dbese  pvoperties  hm 
''•t*rr-  i:  fiZ T  i5*»n«i»«i  ia  ^b*  -ast  of  Eqvids,  it  will  only  be 
z/':t^p:^**ttrr  V,  -iivii*!  ±e  ^jifd^iss  AlreaRh-  cfftalJi^hed  to  the  case 

Pryfsfr^\^:§  CtiJHt^a  */.^  G^JtiS  cmd  Liquids. 

(\'/k  Prftiitr^  r-t^Vi  iV  imdfptntdemi  of  ike  Action  of  GfOXh 
ittf.  —  !>::  Ti*  zyyw  5i:r<<<=e  th^  the  ¥cssd  (Fig.  254)  abeady 
^k-scnvErd  MiV  »  L«  Siloi  w::h  «r.  instead  of  water.     As  this  air 

is  in  a  p^ntanent  sute  of  tension,  it  will, 
in  cixif^quence  of  its  el&sticit j,  exert  pres- 
sure  in  all  directions;  and  it  is  evident, 
from  ib^  same  course  of  reasoning  used 
in  the  case  of  water  (120),  that  the  p^e^ 
sures  it  exerts  against  the  pistons  a^b^c^i 
will  be  proportional  to  their  areas,  h 
fif.  Z0L  '^^^  manner,  the  same  will  be  true  of  any 

portion  of  the  interior  surface  of  the  ves- 

Hel,  and  also  of  anv  ideal  section  in  the  interior  of  the  vessel.   If 

* 

two  iKjctions  are  erjual,  they  will  receive  equal  pressures ;  if  un- 
equal, the  pressures  will  be  proportional  to  their  areas. 

If  the  air  in  the  interior  of  the  vessel  is  in  the  same  conditioi 
as  the  external  atmosphere,  it  is  evident,  from  what  has  beea 
Haid,  that  the  pressure  of  the  air  on  the  interior  surface  of  the  -.. 
ve«8el  will  Vje  exactly  balanced  by  the  pressure  of  the  atmosphcrt  \ 
on  the  outside.     The  piston,  therefore,  being  pressed  equally  ot  "1 
th(;ir  inner  and  outer  surfaces,  will  have  no  tendency  to  move. 
This  being  the  condition  of  the  air  in  the  vessel,  let  us  suppose 
tluit  we  condense  the  air  still  further,  by  pressing  in  one  of  the 
ijJKtonM;  it  is  evident  that' we  shall  thus  develop  a  greater  die* 
iir^ity  in  the  particles,  and  each  particle  will  in  consequence  exert 
a  ^HMiter  pressure.    The  increased  pressures  now  exerted  agaiiul 
thn  iiiiK^r  surfaces  of  the  pistons  will  be  proportional  to  the  nunh 
i)(T  of  gas(?oiis  particles  in  contact  vrith  them,  or,  in  other  wordi| 
))r()i)()rti()nal  to  their  areas.     The  pressures  on   the  inner  su^ 
faces  being  also  greater  than  those  on  the  outer  surfaces,  to 
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pistons  will  tend  to  moYo  out  with  forces  varying  in  the  same 
proportion. 

From  these  considerations,  it  appears  that  gases^  like  liquidsy 
trmumU  pressure  equally  in  all  directions ;  the  only  difference 
being  this,  that  in  our  experiments  on  gases  we  start  with  a  cer- 
tain initial  pressure  due  to  their  permanent  elasticity.  Gases, 
like  liquids,  will  transmit  pressure  through  long  tubes  and 
through  any  passages,  however  circuitous,  provided  only  that 
there  is  a  line  of  gaseous  particles.  A  good  example  of  this  is 
furnished  by  the  ga&-pipes  of  large  cities.  Any  pressure  applied 
tt  the  gasometer  is  transmitted  almost  instantaneously  through 
hundreds  of  miles  of  pipe  distributed  in  a  most  circuitous  man- 
ner over  several  square  miles  of  area.  The  close  resemblance 
which  gases  bear  to  liquids  is  also  shown  by  the  fact  that  they 
transmit  pressure  from  one  to  the  other  indifferently.  We  shall 
have  occasion  to  notice  several  examples  of  this  farther  on. 

Since  the  proof  used  in  (121)  applies  to  gases  as  well  as  to 
liquids,  it  follows  that  the  line  indicating  the  direction  of  the 
^essure  exerted  by  any  gaseous  particle  against  the  section  with 
which  it  is  in  contact,  is  always  a  perpendicular  to  this  section 
9t  the  point  of  contact, 

(151.)  Pressure  depefiding  on  the  Action  of  Gravity.  —  The 
Bwts  in  regard  to  the  pressure  exerted  by  liquids  in  consequence 
of  their  weight  are,  as  we  found  in  sections  (123)  to  (129),  all 
necessary  consequences  of  the  one  fundamental  property,  that 
they  transmit  pressure  equally  in  all  directions  ;  and  it  therefore 
fidlows,  that  each  of  these  facts  must  be  true  of  gases.  Let  us 
tommence  with  an  ideal  case.  Suppose  a  closed  cylindrical  ves- 
•el,  several  kilometres  high,  filled  with  air  of  the  same  density 
through  its  whole  extent,  and  rising  vertically  from  the  surface 
©f  the  globe-  It  would  be  true  of  such  a  vessel,  that  the  pres- 
mre  exerted  by  the  air  on  the  base  of  the  cylinder,  or  on  any  por- 
Von  of  its  side,  or,  in  fine,  on  any  section  whatsoever,  would  be 
^Mol  to  the  weight  of  a  column  of  air,  the  area  of  whose  base  is 
tqmd  to  the  area  of  the  section,  and  whose  height  is  equal  to  the 
Wrtical  distance  of  the  centre  of  gravity  of  the  section  from  the 
kp^  of  the  cylinder.  Moreover,  the  pressure  on  any  given  sec- 
fctt  would  be  entirely  independent  of  the  form  or  size  of  the 
^ttsel,  provided  only  that  the  height  remained  the  same. 

This  last  circumstance  is  one  of  great  importance,  because  it 

23 
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enables  xis  to  extend  our  conclusions  at  once  to  the  case  of  the 
.atmosphere.  The  atmosphere  is  a  mass  of  air  retained  upon  the 
surface  of  the  globe  br  the  force  of  gravitation,  and  risiug  to  a 
height  which  is  estimated  at  the  lowest  at  fortj-seven  kilometres. 
It  is  supposed. to  have*  like  the  ocean,  a  definite  surface,  which, 
when  at  rest,  is  perpendicular  at  each  point  to  the  direction  of 
gravity.  It  partakes  of  the  rotation  of  the  globe  on  its  axis,  and 
would  remain  at  rest  relatively  to  terrestrial  objects  were  it  not 
for  local  causes,  which  produce  winds  and  disturb  at  each  mo- 
ment its  equilibrium.  Neglecting  these  disturbances,  we  may 
regard  the  atmosphere  as  a  gaseous  ocean  in  equilibrium  coYering 
the  earth  to  a  certain  level,  and  exerting  the  same  effects  of  pres- 
sure as  if  it  were  a  liquid  having  a  very  small  density.  It  fol- 
lows, therefore,  that  each  particle  of  the  air  exerts  a  pressure 
equal  to  tlie  weight  of  a  vertical  line  of  superincumbent  partides 
rising  to  the  surface  of  the  atmosphere.  This  pressure  will  be 
constant  on  surfaces  at  the  same  level ;  it  will  increase  as  we  de- 
scend in  the  atmosphere,  and  diminish  as  we  rise  in  it.  At  anj 
one  position,  it  will  be  equal  on  surfaces  of  the  same  area,  what- 
ever may  be  their  direction  ;  and  on  surfaces  of  unequal  area  it  | 
will  be  in  proportion  to  the  extent  of  the  areas.  It  will  be  tlie  'j 
same  in  the  interior  of  any  vessel  or  room  as  in  the  outer  air, 
provided  only  there  is  a  connection  with  the  exterior  atmosphere 
by  some  aperture,  however  small.  Finally,  the  air  will  buoy  up 
all  bodies  immersed  in  it  with  a  force  which  will  be  equal  to  the 
weight  of  the  volume  of  air  displaced.  As  the  validity  of  tliesc 
conclusions  has  already  been  established  in  regard  to  liquids,  it 
will  only  be  necessary,  in  the  case  of  gases,  to  illustrate  tlic  gen- 
eral facts  by  a  few  experiments. 

(152.)  Pressure  of  the  Atmosphere,  —  The  pressure  exerted 
by  the  atmosphere  on  all  bodies  near  the  surface  of  the  globe  is 
exceedingly  great,  amounting,  as  we  shall  soon  prove,  to  over  one 
kilogramme  on  every  square  centimetre  of  suj*face,  and  to  about 
16,000  kilogrammes  on  the  surface  of  the  body  of  a  man  of  o^ 
dinary  stature.  But  since  this  pressure  is  exerted  equally  in  all 
directions,  and  since  the  cavities  of  the  body  are  filled  eitlier  by 
air  or  other  gases,  which  exert  a  pressure  on  the  one  surface  of 
its  delicate  membranes  exactly  equal  to  that  exerted  on  the  other, 
this  great  pressure  is  not  perceptible,  and  indeed  was  not  known 
to  exist  until  it  was  discovered  by  Torricelli  in  1643.    If,  how- 


THE  THBEB  STATES  OP  MATTEB. 


rer,  by  any  means,  "we  can  remove  tlie  pressure  from  one  side 

ily  of  a  membrane,  then  the  pressure  on  the  other  side  will  be- 

]me  evident. 

We  can  readily  remove  the  pressure  from  tlie  interior  surface 
of  a  vessel,  by  removing  the  air  by  means 
^^^^^^  of  an  air-pump  (175),  and  tlms  remov- 

^H^K  ing  tlie   fluid  medium    through  vliich 

I  the  pressure  is  transmitted.     For  exain- 

']  ■  pie,  if  we  remove  the  air  from  the  cylin- 

drical glass  vessel  which  is  represent- 
ed in  Fig.  255,  resting  on  the  plate  of 
an  air-pump,  we  shall  also  remove  tlie 
pressure  from  the  lower  surface  of  the 
thin  animal  membrane  wliich  covers 
and  closes  the  cylinder  from  above. 
Then  tlie  great  pressure  on  tlie  upper 
surface,  being  no  longer  balanced,  will 
exert  its  full  effect,  first,  by  depressing 

he  membrane,  and  afterwards  by  bursting  it,  if  it  be  not  too 

troug. 
That  the  pressure  of  the  atmosphere  is  exerted  upwards  as 

rell  as  downwards,  may  be  further  illustrated  by  means  of  the 

apparatus   represented   in   Fig.  256. 

t  consists  of  a  glass  vessel  supported 

in  a  tripod  stand,  having  a  large 

)petiing  below,  and  a  small  tubulature 

ibove.     The  lower  opening  is  closed 

)j  a  bag  of  India-rubber  cloth,  as 

"epresented  in  the  figure,  and  the  tu- 

)iilature  is   connected  with   an   air- 

Kimp  by  means  of  a  flexible  hose. 

\  exhausting   tlie   air,  the   bag  is 

ifessed  up  into  the  glass  vessel  with 

nfficient  force   to   raise    the    heavy 

feigbt  which   is   attached   to   it   by 

oeans  of  a  leather  strap.     By  modi- 

ffii^  the  apparatus,  it   is   easy  to  show  that  the  pressure  is 

*Mrted,  not  only  upwards  and  downwards,  but  also  in  all  direc- 

'•"os.     These  various  forms  of  apparatus,  however,  only  demon- 

rtnte  the  existence  of  pressure.      They  do   not   enable  us  to 

measure  it. 
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(153.)  Bvoyancy  of  the  Air.  —  The  general  fact,  that  «r, 
like  liquids,  buoys  up  all  bodies  immersed  in  it,  maj  be  illus- 
trated by  means  of  the  appaiatas 
represented  in  Fig.  257.  It  coo- 
gists  of  a  closed  globe  saspendcd 
to  one  arm  of  a  delicate  balance, 
equipoised  by  a  weight  suspend- 
ed to  the  other.  The  two  are  in 
equiUbrium  in  tlie  air,  but  oolj 
because  the  globe,  bciug  larger 
tliau  the  weight,  is  buoyed  op 
by  a  greater  force.  If,  low,  the  | 
apparatus  is  placed  upon  the 
plate  of  an  air-puiap  and  covered 
with  a  glass  bell,  wo  sliall  fiod, 
on  removing  the  air,  that  the 
globe  will  preponderate,  as  a 
ng.  a-,  shown  in  the  figure.     By  remov- 

ing tlie  air,  we  increase  tliG  a[K 
parent  weight  both  of  the  globe  and  of  the  counterpoise  by  Jos' 
the  weight  of  the  air  displaced  by  each  ;  but  as  the  globe  is  much 
the  largest,  we  increase  its  weight  more  tlian  that  of  the  smaller 
brass  counterpoise,  and  hence  the  result.  If  wo  allow  tbe  air 
to  re-enter  the  bell,  it  will  buoy  up  the  globe,  as  before,  so  much 
more  than  the  counterpoise,  as  to  restore  the  equilibrium. 

(154.)  Weight  of  a  Body  in  Air.  —  An  important  consetiuenM 
of  the  principle  just  illustrated  is  evident,  Tlie  balance  does  uol 
give  UB  the  true  relative  weight,  W,  of  a  body,  but  a  sligbtly  dif- 
ferent weight,  depending  on  the  weight  of  air  displaced  by  the 
body  compared  with  the  weight  of  air  displaced  by  the  brass  or 
platinum  weights  used  in  weighing.  As  the  volume  of  these 
weights  is  generally  less  tlian  that  of  the  body,  the  weight  iuit 
cated  by  the  balance  is  almost  always  too  small ;  but  when  the 
volume  of  the  weigh  ts  is  greater  than  that  of  the  body,  the  weight 
indicated  by  tlie  balance  is  too  large.  When  the  two  volumffl 
are  equal,  the  balance  will  indicate  the  same  weight  in  air  as  in 
a  vacuum.  It  is  easy  to  ascertain  the  correction  which  it  i« 
necessary  to  add  to  or  subtract  from  the  weight  of  a  body  in  air, 
in  order  to  obtain  its  tnie  weight. 
It  must  be  remembered  that  the  brass  and  platinum  weight! 
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ire  used  in  delicate  determinations  of  weight  are  only 
I  when  in  a  vacuum  (64).  Let  us,  then,  represent  the 
values  as  follows  :  — 

weight  of  the  body  in  air  as  estimated  by  standard  weights,  and 
also  the  weight  of  the  standard  weights  themselves  in  a 
vacuum. 

volume  of  the  standard  weights  in  cubic  centimetres. 

volume  of  the  body  in  cubic  centimetres. 

weight  of  one  cubic  centimetre  of  air  at  the  time  of  the  weighing. 

weight  of  the  body  in  a  vacuum,  —  which  we  wish  to  find. 

now  easily  deduce  the  following  values  :  — 

=  buoyancy  of  air  on  the  weights. 
=  buoyancy  of  air  on  the  body. 

F'  w  =  actual  weight  of  standard  weights  in  air. 

V  w   =  actual  weight  of  body  in  air. 

lese  weights  just  balanced  each  other,  we  have 

-  Vmd  -W'—V'w,    or     r  =  TT'  +  IT  (  V—  V).      [91.] 

Tection  to  (^V —  P),  which  must  be  made  to  the  weight 
nod  by  a  balance  in  air  in  order  to  obtain  the  weight  in  a 
,  is  evidently  additive  when  the  volume  of  the  body  is 
than  that  of  the  weights,  and  subtractive  when  these  con- 
are  reversed.  When  the  volumes  are  equal,  the  correc- 
:omes  0. 

1  ordinary  cases  of  weighing,  the  correction  is  so  small 
nay  be  neglected  without  sensible  error ;  but  it  becomes 
^eatest  importance  in  determining  the  weight  of  a  gas. 
cases,  we  have  to  determine  the  weight  of  a  large  glass 
hen  completely  vacuous  and  when  filled  with  gas  ;  and  it 
requently  happens  that  the  buoyancy  of  the  air  is  greater 
e  weight  of  the  gas  itself,  and  it  is  always  a  considerable 
it.  If  the  buoyancy  of  the  air  is  the  same  when  the 
5  weighed  in  its  vacuous  condition  and  when  filled  with 
rould  not  affect  the  weight  of  the  gas,  which  would  be 
i  by  subtracting  the  first  weight  from  the  last.  But, 
nately,  the  buoyancy  is  constantly  changing ;  and  it  is 
•e  necessary  to  determine  the  amount  carefully  at  each 
g,  and  reduce  the  weights  of  the  globe  in  the  two  condi- 
what  they  would  be  if  the  experiments  had  been  made 
;uum. 

23* 
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When  the  temperature  is  0°  C.  and  the  barometer  stands  at 
76  c.  m.,  and  when  the  air  contains  neither  Tapor  of  water  nor 
carbonic  acid,  «■  is  equal  to  0.001293  gram.  Were  the  atmos- 
phere always  in  this  condition,  nothing  would  be  easier  than  to 
calculate  the  actual  weight  of  a  body  from  the  weight  found  by 
weighing  in  this  normal  atmosphere.  But  this  is  far  from  b«Dg 
the  case  ;  for  tlie  temperature,  the  pressure,  and  the  composition 
of  the  atmosphere  are  changing  at  each  moment,  and  the  valns 
of  w  varies  with  all  these  atmospheric  changes.  We  shall  here- 
after show  in  what  way  the  value  of  w  may  be  ascertained,  at  anj 
given  time,  when  the  condition  of  the  atmosphere  is  known. 

It  is  frcfiuently  possible  to  conduct  the  process  of  weighing  in 
such  a  way  that  the  correction  for  the  buoyancy  of  the  atmos- 
phere, always  some- 

IJ"' n-nT-jh-i-vr,  ■■■v;  ./^.'.^.v/.n^-i^'^  wtiat  Uncertain,  maj 

'        j£*^^^^^T^fi=^^^^^^       f  be  avoided.    For  ex- 

ample, in  weighing 
a  gas,  instead  of  ; 
equipoising  the  glaa 
globe  when  emptj, 
by  means  of  ordina- 
ry weights,  we  may 
equipoise  it  by  means 
of  a  second  globe, 
hermetically  closed, 
and  having  the  same 
volume  as  the  first, 
in  the  manner  repre- 
sented in  Fig.  258. 
It  is  evident  that  in 
this  case,  whatever 
may  be  the  buoyancf 
of  the  atmosphere,  it 
will  equally  affect  both  globes,  and  we  shall  only  have  to  conodw 
the  buoyancy  of  the  air  on  the  small  weights  necessary  to  restore 
the  equilibrium  after  the  globe  is  filled  with  the  gas  to  be  weighed; 
but  this  is  so  small  that  it  may  always  be  neglected. 

(155.)  Balloons.  —  If  the  weight  of  a  body  is  less  than  that  (rf 
the  gas  which  it  displaces,  it  is  evident  that  the  body  will  rise  in  the 
gas  ;  and  hence  the  phenomena  of  floating  bodies,  which  we  ha"    i 
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iready  studied  in  the  case  of  liquids  (140),  must  be  repeated  in 
le  case  of  gases.  It  is  not  difficult  to  construct  a  body  wliich 
lall  be,  taken  as  a  whole,  specifically  lighter  than  air,  and  which 
ill  therefore  rise  in  the  atmosphere  as  wood  rises  in  water.  Hy- 
nogen  gas  is  14  J  times  lighter  than  air,  and  by  enclosing  a  large 
^lume  of  this  gas  in  a  light  bag  made  of  oiled  silk,  called  a 
Hoon^  we  shall  have  a  body  which  will  displace  a  weight  of  air 
uch  greater  than  its  own  weight.  For  example,  let  us  suppose 
at  the  balloon,  when  fully  inflated,  forms  a  sphere  two  mc- 
»  in  diameter.  It  is  easy  to  calculate  that  it  will  contain 
1887902  m.»  of  hydrogen,  which  will  weigh  374.436  gram, 
fleeting  the  volume  occupied  by  the  material  of  the  balloon, 
will  displace  an  equal  volume  of  air,  weighing  5,418.75  gram, 
le  difference  between  these  weights,  or  5,044.31  gram.,  will 
[ffe^nt  the  excess  of  the  buoyancy  of  the  air  over  the  weight 
the  hydrogen  ;  and  hence,  if  the  balloon  and  its  attachments 
agh  less  than  this,  it  will,  when  inflated  with  hydrogen,  rise  in 
e  atmosphere.  The  difference  between  the  weight  of  the  bal- 
[)n  inflated  with  hydrogen  and  that  of  the  air  displaced  by  it  is 
rmed  the  ascensional  force  of  the  balloon.  If  the  balloon  is 
Q  metres  in  diameter,  and  weighs  100  kilogrammes,  it  would 
ive  an  ascensional  force  of  530.6  kilogrammes,  and  therefore 
iflBcient  to  raise  a  car  with  several  passengers  into  the  atmos- 
lere. 

In  practice,  a  balloon  is  never  at  first  more  than  two  thirds  filled 
ith  hydrogen ;  because,  as  it  rises  in  the  atmosphere,  tlie  gas 
tpkily  expands,  and  it  is  necessary  to  allow  for  this  expansion. 
breover,  the  hydrogen  used  is  mixed,  to  a  greater  or  less  extent, 
ith  air  and  vapor,  which  greatly  increase  its  weight.  These  causes 
imiiush  the  ascensional  force  to  such  an  extent,  that  in  practice 
be  ascensional  force  of  a  baUoon  ten  metres  in  diameter  would 
loibe  more  than  one  half  of  what  it  is  estimated  above. 
Since  the  introduction  of  coal-gas  as  an  illuminating  material, 
Ui  is  almost  exclusively  used  for  inflating  large  balloons.  The 
Veeifie  gravity  of  this  gas  is  on  an  average  about  0.5,  and  it  is 
*If,  therefore,  about  twice  as  light  as  air.  Hence,  in  order  to 
*Wn  the  same  ascensional  force  with  coal-gas  as  with  liydrogen, 
*i8  necessary  to  use  very  much  larger  balloons.  When  the  spe- 
^  gravity  of  a  gas  is  given,  it  is  easy  to  calculate  the  ascensional 
^  which  in  any  given  case  may  be  obtained  with  it. 
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Let  us  represent  by  d  and  d  the  specific  gravities  of  air  and 
the  gas  to  be  used,  referred  to  water  [5S] ;  by  ir,  the  weight  of  the 
material  of  the  Ijalloon  and  its  attachments;  and  by  V^  its  volume 
when  inflated.  Then,  by  [50],  we  have  for  the  weight  of  the 
gas  in  grammes  Vd\  and  for  the  weight  of  the  air  it  disphices  Vd. 
Neglecting,  for  the  moment,  the  weight  of  the  balloon  itself,  we  J 
bhould  have  for  the  ascensional  force  F(rf  —  rf').  Subtracting 
the  weight  of  the  lialloon  and  its  attachments,  we  have,  for  the 
total  ascensional  force  i% 

F=  V(d  —  d'^—  W.  [92.] 

If  the  balloon  is  a  sphere  of  which  R  is  the  radius,  then  vc 
should  have  for  the  value  of  F,  when  the  balloon  was  fully  in- 
flated, J  n  it%  and  for  the  value  of  jP, 

F=  J  TT  iJ»  Cd  —  d)  —  W.  [93.] 

When  the  gas  used  is  pure  hydrogen,  d  =  0.00129363,  and  rf'  = 
0.00008039.  Substituting  these  values,  and  also  for  n  its  well- 
known  value,  the  expression  becomes 

F  =  0.00504431  R'  —  TF,  [94.] 

in  which  R  stands  for  a  certain  number  of  centimetres,  aud  W  ■ 
for  a  certain  number  of  grammes.  ^ 

As  we  live  at  the  bottom  of  the  ocean  of  air  which  surrounds  ^ 
the  glol>c,  wc  cannot,  from  the  nature  of  the  case,  imitate  with  it 
the  condition  of  a  vessel  floating  on  the  surface  of  the  water; 
but  with  otlier  gases  this  condition  of  things  may  be,  at  least  in  a 
small  way,  very  nearly  approached. 

The  large  fermenting-vats  of  breweries  and  distilleries  are  al- 
most constantly  filled  with  carbonic  acid  gas,  which,  being  lieaf- 
ior  than  the  air,  remains  in  the  tank,  and  has  a  surface  like  that'  i 
of  water,  although  it  is  not  quite  so  definite.     By  exploding  t 
little  gunpowder  in  the  gas,  and  thus  filling  it  with  smoke, the' 
surface  becomes  distinctly  visiUe.    A  very  illustrative  experiment' 
can  Ik)  made  at  such  vats,  by  allowing  soap-bubbles,  blown  withiV 
common  tobacco-pipe,  to  fall  on  the  gas  thus  clouded.     They  will ' 
for  a  few  moments  float  on  the  surface,  and  illustrate  in  a  most 
striking  manner  the  analogy  between  gases  and  liquids. 
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Differences  between  Liquids  and  Gases, 

(156.)  We  shall  fail  to  give  an  accurate  idea  of  the  nature 
of  a  gas,  if,  after  having  dwelt  upon  the  analogies  between  liquids 
and  gases,  we  do  not  point  out  those  qualities  which  distinguish 
these  two  conditions  of  matter. 

1.  Difference  of  Specific  Gravity.  —  The  most  obvious  differ- 
ence between  gases  and  liquids  is  to  be  found  in  their  relative 
Weight.  A  litre  of  water  weighs  1,000  grammes,  and  the  weight 
of  the  same  volume  of  other  liquids  varies  from  600  to  3,000 
grammes,  leaving  out  of  account  mercury  and  other  met(!ls,  when 
ill  a  melted  state,  which  are  much  heavier.  Between  these  limits 
^'e  find  almost  every  possible  gradation.  One  litre  of  air  weighs 
1.294  gram.,  and  the  weight  of  one  litre  of  other  gases  varies 
between  0.089  gram,  and  20  gram.  There  is,  therefore,  a  wide 
5*p  between  the  lightest  liquid  and  the  heaviest  gas,  but  yet 
this  difierence  is  one  entirely  of  degree  ;  and  although  this  gap 
ia  not  filled  by  any  known  substance  in  its  normal  condition  on 
the  globe,  yet  Natterer,  in  his  experiments  on  the  condensation  of 
gases,*  must  have  had  atmospheric  gas  in  every  degree  of  density 
between  its  ordinary  density  and  that  of  water. 

2.  Compressibility.  —  Gases  are  also  distinguished  from  liquids 
by  being  far  more  compressible.  When  by  means  of  a  piston  we 
Uttempt  to  condense  a  liquid,  we  find  that  we  can  only  reduce  its 
"^lame  very  slightly.  But  this  almost  insensible  diminution  of 
^ume  develops  a  very  great  elasticity  ;  for  it  is  only  necessary 
to  reduce  the  volume  one  forty-five-millionth  to  produce  a  resist- 
ance equal  to  the  pressure  of  our  atmosphere.  It  is  different  with 
yises.  When,  for  example,  we  press  down  a  piston  into  a  cylinder 
mtainiug  air  (Fig.  51),  it  is  necessary  to  reduce  the  volume  to 

half  in  order  to  double  the  resistance,  and  to  one  third  in 

to  treble  it.     As  the  pressure  is  increased,  the  volume  of  a 

is  diminished  almost  in  the  same  proportion ;  as  the  pressure 

diminished,  on   the   other  hand,   the  volume  of  the   gas  is 

irtioually  increased.     For  this  reason,  gases  are  frequently 

compressible,  and  liquids  incomprcssil)le  fluids ;  but  here 

the  difference  is  one  of  degree  rather  than  of  kind. 

This  diflTerence  of  compressibility  gives  rise  to  an  important  dif- 


♦  Poggendorff,  Annalen,  XCIV.  436. 


274  CHEmCAL  PHTSIC8. 

fereuce  of  condition  between  the  atmosphere,  regarded  as  an 
ocean  of  gas,  and  the  liquid  oceans  of  our  globe.  As  we  de- 
scend in  the  ocean,  although  the  pressure  increases  with  great 
rapidity,  yet  the  density  of  the  water  is  not  materially  increased. 
It  is  very  different  with  the  atmosphere.  As  we  rise  in  this  ocean 
of  gas,  the  air  becomes  less  dense  in  proportion  as  the  pressure  is 
diminished,  and  when  at  a  height  of  about  5,520  m.  the  pressure  is 
reduced  one  lialf,  the  density  is  also  reduced  one  half.  On  the 
other  hand,  when  we  descend  into  mines,  and  the  pressure  from 
above  is  increased,  the  density  of  the  air  increases  in  the  same 
proportion.  The  atmosphere  does  not,  therefore,  like  the  sea, 
consist  of  a  fluid  of  nearly  uniform  density  throughout,  but  its 
density  very  rapidly  diminishes  as  we  rise  above  the  surface  of 
the  globe.  It  would  not,  then,  be  possible  to  have  a  cylin- 
drical vessel  filled  with  air  of  uniform  density  throughout  its 
whole  height,  as  we  supposed  in  (151).  Such  a  condition  of 
things  is  wholly  ideal,  and  was  introduced  merely  for  the  sake 
of  illustration.  Were  the  atmosphere,  like  the  sea,  of  nearly 
uniform  density,  its  height  would  be  only  about  eight  kilome- 
tres, instead  of  forty-seven,  as  already  stated.  The  pressure 
exerted  by  such  an  ideal  fluid  would  be  precisely  the  same  as 
that  exerted  by  the  atmosphere  ;  so  that,  while  merely  studying 
the  pressure  on  the  surface  of  the  earth,  we  may  conceive  of  the 
pressure  as  exerted  by  a  fluid  of  uniform  density,  without  com- 
mitting any  material  error  ;  but  it  must  be  remembered  tliat  the 
real  state  of  the  case  is  very  different.  We  shall  return  to  this 
subject  in  a  future  section. 

3.  Permanent  Elasticity,  —  We  have  already  dwelt  at  some 
length  on  this  property  of  gases,  which  distinguishes  them  pre- 
eminently from  liquids  (149)  ;  but  even  here  the  difference  is 
not  so  strongly  marked  as  it  would  at  first  sight  seem.  A 
simple  experiment  will  illustrate  this  point,  and  at  the  same 
time  make  the  distinction  between  the  two  fluid  conditions  of 
matter  clearer. 

Let  us  take,  then,  a  volume,  F",  of  water,  contained  in  a  vessel 
of  much  greater  capacity,  and  let  us  suppose  that  its  temperature 
is  100°,  and  that  it  is  exposed  to  a  given  pressure,  for  example 
of  ten  atmospheres.  If,  now,  we  diminish  the  pressure  sncces- 
sively  by  one  atmosphere  each  time,  the  volume  V  will  increase  ^f 
a  very  small  amount,  represented  by  F^te,  at  each  operation.    -As 
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WOO,  however,  as  the  pressure  is  reduced  to  one  atmosphere,  this 
av  of  expansion  ceases  abruptly,  and  the  water,  without  any 
ntermediate  transition,  takes  a  volume  1,200  times  greater  tliau 
before,  changing  into  a  gas  having  all  the  properties  of  air,  and 
)reserving  these  properties  at  any  pressure  less  than  one  at- 
Qosphere. 

We  may  now  reverse  this  experiment.  Let  us,  then,  increase 
he  pressure  upon  this  gas  formed  by  water ;  we  shall  find  that, 
Fhen  the  pressure  is  doubled,  the  volume  of  the  gas  will  be  re- 
iuoed  one  half,  but  as  soon  as  the  pressure  exceeds  one  atmosr 
here  it  will  suddenly  take  a  volume  1,200  times  smaller  than  be- 
Me,  and  a  density  1,200  times  greater,  collecting  in  the  lower  part 
f  the  vessel  in  a  liquid  form.  After  this,  it  can  be  compressed 
ut  very  slightly  by  increasing  pressures.  We  have  taken,  as  an 
xample,  water  at  100**,  because  the  change  of  state  which  it 
mdei^oes  at  this  temperature  is  a  familiar  fact  to  every  one. 
^e  might  have  cited  sulphurous  acid  gas,  whicli  liquefies  at 
-10*,  or  earbonic  acid  gas,  which  liquefies  at  — 78®  ;  but  what- 
!Ter  might  be  the  body  examined,  the  result  would  be  the  same. 

What  has  now  been  stated  in  regard  to  gases  may  be  summed 
ipia  a  few  words.  They  are  bodies  constituted,  like  liquids,  of 
Dolccnlcs  which  repel  each  other,  bodies  which  transmit  pressure 
squally  in  all  directions,  which  arrange  themselves  under  the  influ- 
ence of  gravity  in  strata  whose  density  and  elasticity  increase  as  we 
lescend,  which  buoy  up  all  bodies  immersed  in  them  with  a  force 
jqual  to  the  weight  of  the  fluid  displaced,  and  in  which  the  laws 
)f  Hie  equilibrium  of  floating  bodies  are  reproduced.  These  are 
the  analogies.  On  the  other  hand,  they  are  bodies  having  a  very 
nnall  density,  obeying  a  special  law  of  compressibility,  and  which, 
when  submitted  to  a  sufficient  pressure,  change  into  liquids.* 
Sach,  then,  are  the  characteristic  properties  of  gases  ;  but  before 
rtirfying  these  more  in  detail,  we  must  consider  the  mode  by 
^ch  the  press-ure  of  a  gas  may  be  accurately  measured. 

THE    BAROMETKR. 

(157.)  Experimeni  of  Torricelli.  —  Before  the  middle  of  the 
^enteenth  century,  tlie  phenomena  which  wa  now  refer  to 
ie  pmssure  of  the  air  were  explained  by  a  principle  invented 

^  We  f  hall  hereafter  learn  that  there  are  some  gases  which  have  not  been  liquefied. 
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by  the  Aristoteleans,  namely,  that  "  Nature  abhors  a  vacuum." 
These  ancient  philosophers  noticed  that  space  was  always  filled 
witli  some  material  substance,  and  that^  tlie  moment  a  solid  body 
was  removed,  air  or  water  always  rushed  in  to  fill  the  space  thus 
deserted.  Hence  they  concluded  that  it  was  a  universal  law  of 
nature  that  space  could  not  exist  unoccupied  by  matter,  and  the 
phrase  just  quoted  was  merely  their  figurative  expression  of  this 
idea.  When,  for  example,  the  piston  of  a  common  pumpwa^ 
drawn  up,  the  rise  of  the  water  was  explained  by  declaring  that, 
as  from  the  nature  of  things  a  vacuum  could  not  exist,  the  water 
necessarily  filled  the  space  deserted  by  the  piston. 

This  physical  dogma  served  the  purposes  of  natural  philosophy 
for  two  thousand  years,  and  it  was  not  until  the  seventeenth  cen- 
tury that  men  discovered  any  limit  to  Nature's  horror  of  a  vacuum. 
Even  as  late  as  1644,  Mersenne  speaks  of  a  siphon  which  shall 
go  over  a  mountain,  being  then  ignorant  that  the  effect  of  such  an 
instrument  was  limited  to  a  height  of  ten  metres.  This  limit 
appears  to  have  been  first  discovered  by  Galileo.  Some  Floren- 
tine engineers,  being  employed  to  sink  a  pump  to  an  unusual 
depth,  found  that  they  could  not  raise  water  higher  than  ten  me- 
tres in  the  barrel.  Galileo  was  consulted,  and  he  is  said  to  have 
replied,  that  Nature  did  not  al)hor  a  vacuum  above  ten  metres. 
However  this  may  be,  it  appears  that  Galileo  did  not  understand 
the  cause  of  the  phenomenon,  although  he  had  previously  taught 
that  air  has  weight ;  and  it  was  left  for  his  pupil,  Torricelli,  to 
discover  the  true  explanation.  Torricelli  reasoned  that  the  force, 
whatever  it  is,  which  sustains  a  column  of  water  ten  metres  high 
in  a  cylindrical  tube,  must  be  equivalent  to  the  weight  of  tlie  maes 
of  water  sustained  ;  and  consequently,  if  another  liquid  were 
used,  heavier  than  water,  the  same  force  could  only  sustain  a 
column  of  proportionally  less  height.  The  weight  of  mercury 
being  13  J  times  greater  than  that  of  water,  Torricelli  argued  that, 
if  the  force  imputed  to  the  abhorrence  of  a  vacuum  could  sustain 
a  column  of  water  10  metres  high,  it  could  only  sustain  a  column 
of  mercury  13i  times  lower,  or  about  76  c.  m.  high.  This  led  to 
the  following  experiment,  w^hich  has  since  become  so  celebrated 
in  the  history  of  science. 

Torricelli  took  a  long  glass  tube,  open  at  one  end,  such  as  rfc, 
Fig.  259,  and,  having  filled  it  with  mercury,  closed  the  open  end 
with  his  thumb,  and,  inverting  the  tube,  plunged  this  end  into  \ 


i 
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tbtsinof  mercury.     On  removing  liis  thumb,  the  mercury,  in- 
stead of  remaining  in  the  tube,  fell,  as  he  expected,  and  after 
1  feir  osciUaOons  came  to  rest  at  a  height  of  about  76  c.  m. 
iboTe  tlie  level  of  the  mercury 
in  the  basia.     The   correctiieBs 
sFliia  induction  having  been  thus 
completely    verified,     Torricelli 
soon  discovered  the  real  nature 
otihe  force  which  sustained  both 
tlie  irater  in  the  pump  and  the 
mercury  in  his  tube. 

Tills  experiment  excited  a 
gnat  sensation  among  the  sci- 
entific men  of  Europe ;  but,  as 
migbt  have  been  expected,  the 
«i|^ation  {^ven  of  it  by  Torri- 
celli was  very  generally  rejected. 
It  was  opposed  to  a  long-estab- 
lisbed  dogma,  and  Nature's  hor^ 
nr  of  a  vacuum  could  not  bo 
so  easily  overcome.  The  cele- 
brated Blaise  Pascal,  however, 
hid  the  sagacity  to  perceive  the 
force  of  Torricelli's  reasoning, 
tad  devised    an    experimentum  vi^-ao 

tncis  which  put. an  end  to  all 

WMitrovcrsy  on  the  subject.  "  If,"  said  Pascal,  "  it  be  really  the 
•eight  of  the  atmosphere,  under  which  we  live,  that  supports  tlie 
wlumu  of  nicrcnry  in  Torricelli's  tube,  wo  sliall  find,  by  trans- 
porting this  tube  upwards  in  the  atmosphere,  tliat  in  proportion 
Kit  leaves  below  it  more  and  more  of  tho  air,  and  has  conso- 
(iteDtly  less  and  less  4bove  it,  there  will  be  a  less  column  sus- 
sed in  the  tube,  inasmuch  as  the  weight  of  tlie  air  above  the 
Bbe,  which  is  declared  by  Torricelli  to  be  the  force  wliicli  sns- 
Haa  it,  will  be  diminished  by  the  increased  elevation  of  ttic 
ibe."  •  Accordingly,  Pascal  carried  the  tube  to  tlie  top  of  a 
hurcb-steeple  in  Paris,  and  observed  that  tlie  height  of  the 
lercury  in  the  tube  fell  slightly;  but,  not  satisfied  with  this 


*  I^idner's  Hand-Book  of  Nulunil  Philosophj. 
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result,  he  wrote  to  his  brother-in-law,  who  lived  near  the  high 
mountain  of  Puy  de  Dome,  in  Auvergne,  to  make  the  experimeut 
tliere,  where  the  result  would  be  more  decisive.  "  You  see,"  lie 
writes,  "  that  if  it  happens  that  the  height  of  tlie  mcrcuiy  at  tiie 
top  of  the  hill  be  less  than  at  the  bottom,  (which  I  have  majjj 
reasons  to  believe,  though  all  those  who  have  thought  about  it 
are  of  a  diflerent  opinion,)  it  will  follow  that  tlie  weight  aod 
pressure  of  tlie  air  are  the  sole  cause  of  this  suspension,  and  not 
the  horror  of  a  vacuum :  since  it  is  very  certain  tliat  there  is 
more  air  to  weigh  on  it  at  the  bottom  tlian  at  the  top ;  while  ve 
cannot  say  that  Nature  abhors  a  vacuum  at  the  foot  of  a  moun- 
tain more  than  on  its  summit."  M.  Perrier,  Pascal's  cor- 
rcs|)ondent,  made  tlie  observation  as  he  desired,  and  found  a 
difference  of  nearly  eight  centimetres  of  mercury,  "  which,"  he 
replies,  "  ravished  us  with  admiration  and  astonishment."  * 

Pascal  still  further  varied  and  extended  the  original  experi- 
.  ment  of  Torricelli,  and  deduced  the  theory  of  the  equiUbrium  of 
liquids  and  gases,  which  he  left  almost  perfect. 

(158.)  Theory  of  the  Barometer,  —  It  is  hardly  necessarj 
to  state  that  the  tube  of  Torricelli  is  the  instrument  which  is 
now  so  well  known  as  the  Barometer.  This  name,  indeed,  is  de- 
rived from  two  Greek  words,  fiapv^;  and  fierpovj  which  iudicate 
its  use  as  a  measure  of  the  pressure  of  the  air.  The  theory  of 
the  l)arometer  can  be  readily  deduced  from  the  principles  of  the 
equilibrium  of  fluids,  already  established.  The  mercury  is  sus- 
tained in  tlie  tube  by  the  pressure  of  the  air  on  the  surface  of 
the  mercury  in  the  basin.  Let  us  consider  how  much  of  this 
pressure  is  effective  in  producing  the  result. 

Consider,  then,  a  section  made  across  the  tube  at  the  level  of 
the  mercury  in  the  basin.  All  the  liquid  below  this  level  is  evi- 
,  dently  in  equilibrium  (130  and  131).  Represent  the  area  of 
the  eurface  of  the  mercury  in  the  basin  ^y  S',  and  that  of  the 
section  of  the  tube  by  S.  The  pressure,  f%  exerted  by  the  au"<»i 
S',  is  transmitted  through  the  liquid  mercury  to  S,  The  pressure 
thus  exerted  on  the  under  face  of  the  section  will  be,  by  [77], » 
many  times  less  than  f  as  S  is  less  than  S',  or  iT  :  iT'  =  S :  S', 

and  S  =  f'  ^, .    For  example,  if  S'  =100crm'  and  S  =  1  clm^i 


! 


♦  WheweU's  liistoryof  theloductive  Sciences,  Vol.  II.  pp.  67,  68. 
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then  fsszf'j^.  The  pressure,  therefore,  which  is  exerted 
by  the  air  on  the  lower  face  of  this  section  is  the  same  as 
tliat  it  would  exert  if  applied  dbectly  to  the  section  itself. 
As  tliis  pressure  just  sustains  a  column  of  mercury  whose 
height  we  may  represent  by  JST,  it  is  evidently  just  equal 
to  the  pressure  exerted  by  this  column  on  the  upper  side 
of  the  same  section.  But  by  [78]  this  pressure  is  equal  to 
H.S.(^Sp.Gr,').  Substituting,  then,  for  Sp.  Gr,^  tlie  value  for 
mercury  at  0**,  or  13.596,  we  have  for  the  pressure  of  the  air  on  a 
givea  surface,  Sj  the  value, 

S  =  13.596  .  S  .  fl,  [95.] 

ia  which  H  denotes  the  height  of  the  mercury  in  the  barometer 
at  0^.  For  any  other  height  we  should  have  if'  =  13.596 .  S  .H'^ 
and,  comparing  the  two  equations,  we  obtain 

f  :S'  =  H  :  H'\  [96.] 

that  is,  the  pressure  of  the  air  on  a  given  surface  is  proportional  • 
to  the  height  of  the  barometer  column.  We  may,  therefore,  use 
the  height  of  the  barometer  as  a  measure  of  tlie  pressure,  in  the 
same  way  that  we  use  an  arc  as  a  measure  of  an  angle,  or  weight 
18  a  measure  of  mass.  The  height  is  not  the  same  sort  of  quan- 
tity as  the  pressure,  but  it  is  sufficient  for  any  measure  that  it 
should  be  proportional  to  the  quantity  measured.  It  is  there- 
fore customary  to  speak  of  the  pressure  of  the  air  as  amounting 
to  80  many  centimetres  of  mercury  ;  meaning  thereby,  that  it 
rtl  support  a  column  of  mercury  of  tliat  height.  The  use  of 
tlie  barometer  is  not  confined  to  measuring  the  pressure  exerted 
by  the  atmosphere.  We  may  use  it  for  measuring  the  pressure 
^rted  by  any  gas  ;  and  here,  as  before,  we  speak  of  the  pres- 
Jttre  as  amounting  to  so  many  centimetres  of  mercury.  When 
tke  pressure  is  equivalent  to  seventy-six  centimetres  of  mercury, 
H  say  that  it  is  equal  to  one  atmosphere.  When  two,  three,  or 
bur  times  as  great  as  tliis,  we  say  that  it  is  equal  to  two,  three, 
t*  four  atmospheres. 

It  is  always  easy  to  reduce  pressure  expressed  in  centimetres 
f  mercury  to  weight.  For  this  purpose,  it  is  only  necessary  to 
ibstitute  in  [95]  the  values  of  H  and  S  in  the  given  case,  and 
»  result  will  be  the  amount  of  pressure  in  grammes.  For  ex- 
nple,  in  the  air  the  height  of  the  barometer  column  is,  on  the 
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average,  76  c.  m.     Substituting  this  value,  and  also  for  S,  ISm.*, 
we  obtain 

S  =  1,0£3.296  gram. ;  [97.] 

which  is  the  pressure  exerted  by  the  atmosphere  on  every  square 
centimetre  of  surface.  The  height  of  the  barometer  column  varies 
on  the  surface  of  the  eartli  from  about  72  c.  m.  to  78  c.  m.,  and 
hence  the  pressure  on  the  square  centimetre  varies  from  978.9 
grammes  to  1,060.5  grammes.  The  total  pressure  exerted  by  the 
atmospliere  on  large  objects  is  therefore  exceedingly  great ;  that 
on  a  man  of  ordinary  stature  amounts,  as  already  stated,  to  about 
16,000  kilogrammes.' 

Having  studied  the  theory  of  the  barometer,  we  will  now  ex 
amine  a  few  of  the  most  useful  forms  of  the  instrument,  pre 
mising  that  the  essential  parts  are  a  tube  over  seventy-si: 
centimetres  long,  a  basin  of  mercury,  and  a  graduated  seal 
for  determining  the  height  of  the  column. 

(159.)  RegnauWs  Barometer.  —  The  simplest  and  mo^t  accii 
rate  form  of  the  barometer  is  the  one  represented  in  Fig.  200 
which  was  invented  by  Regnault.  The  basin  of  mercury  is 
formed  by  an  iron  trough,  which  is  divided  by  a  partition  into 
two  parts ;  but  the  partition  does  not  rise  to  the  top  of  the  trough, 
and  is  covered  by  the  mercury  which  fills  the  basin.  The  basin 
is  supported  on  a  shelf,  attaclted  to  the  lower  part  of  a  wooden 
plank,  to  which  the  glass  tubes  are  securely  fastened  by  means 
of  clamps.  This  plank  is  itself  immovably  fastened  to  a  brick 
wall.  The  barometer  tube  at  the  left  of  the  figure  dips  into  the 
left-hand  compartment  of  the  trough.  The  tube  on  the  riglit  is 
called  a  manometer^  and  its  use  will  soon  be  explained.  The 
height  of  the  mercury  in  the  barometer  is  measured  by  means  of 
the  cathetometer,  represented  on  the  right-hand' side  of  the  fig- 
ure, which  is  placed  on  a  firm  support  in  front  of  the  instrument. 
In  order  to  obtain  the  measure  with  the  gi-eatest  possible  accu- 
racy, a  vertical  screw,  JHf,  with  two  points  and  of  a  known  length 
is  attached  to  the  basin,  as  represented  in  the  figure.  At  the  m© 
ment  of  observation,  we  lower  the  screw  by  turning  it  on  its  axi 
until  the  lower  point  just  touches  the  mercury.  This  contact  cH 
l>e  obtained  with  the  most  perfect  precision,  for  until  it  takes  plaot 
the  observer  sees  at  the  same  time  the  point  and  its  image  reflect 
ed  by  the  mercury.     The  two  seem  to  approach  each  other  until 
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ct  is  attained,  and  the  eurface  of  the  mercury  is  Been  de- 
id  the  momeut  this  point  is  passed.    The  contact  obtained, 


oeasure  the  distance,  with  tlie  catlietometer  between  the 
r  gurface  of  the  mercury  in  the  tube  and  the  upper  point  of 
crew,  and  we  have  nuly  to  add  to  this  length  the  known 
h  of  the  screw.  Of  all  barometers  tins  one  is  the  simplest, 
)f  all  methods  of  measuring  the  lieight  of  the  column  the 
just  descrihed  is  the  best.  We  thus  measure  directly  the 
cal  height,  and  it  is  no  matter  whether  the  instrument  is  in- 
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clined  or  not.  We  Uiue  avoid  iuGtrumental  errors  ;  and,  mon- 
over,  witli  a  good  catlictometer,  tlic  differeuce  of  level  can  bi 
detonniiicd  within  the  fiftieth  part  of  a  mtUimetre. 

(lliO.)  Barometer  of  Fortin.  —  It  is  uot  always  possible  to 
fix  a  barometer  pqrmauoiitly  to  a  wall  iu  the  way  just  described. 
For  example,  iu  using  the  instrument 
for  measuring  the  heights  of  moun- 
tains, it  is  necessary  that  it  s]iould  bt 
portable  ;   and  withont   diministiiug 
materially  the  accuracy,  it  is  ini|w 
taut  to  simplify  tlie  method  of  meas- 
uring   the   height  of    the    mercu? 
column.     The  barometer  of   Fortiii 
(Fig.   261)   satisfies    completely  **U 
these  requirements.     The  glass  lube 
is  enclosed,  for  protection,  in  a  bna 
I,  towards  die  upper  part  of  wliich 
two  longitudinal  > 
penings  are  provided 
opposite  to  cacli  oth- 
er for  observing  thi 
height  of  the  merca- 
ry  column,  by  meant 
of  a  scale  graduated 
on  the  case,  as  rep- 
resented in  Fig,  26i 
A  vernier,  B  C,  move* 
up  and  down  iu  the 
opening,  and  its  fo- 
sition   can  be  care- 
fully rMEulated   bl 
ng  281.  rig  283.  ng-wi  ^      ^     ,      ^ 

means  of  the  rw 

and  pinion  work  represented  iu  the  figure.  To  the  lower  end  « 
the  case  is  fastened,  by  a  screw,  the  reservoir  of  mercury,  Jt 
which  the  glass  tube  dips,  as  represented  in  Fig.  263.  Ti» 
reservoir  is  formed  principally  by  a  cylinder  of  glass  cemented  it 
both  ends  to  wooden  caps  surmounted  by  brass  mountings,  wha 
last  are  kept  iu  place  by  three  long  screws  (Fig.  261).  Tbi 
bottom  of  the  reservoir  is  formed  by  a  leathern  bag,  m  n  (Rfr 
363),  which  can  be  raised  or  lowered  by  th?  screw  C.    To  tto 
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of  ^e  OfUnder  is  fastened  an  ivory  pin,  a,  whose  point 
touds  esactlj  to  tlie  zero  of  the  sciile  graduated  on  die 
The  reservoir  is  closed  above,  lAao,  by  a  luathctii  cover, 

tied  both  to  the  glass  tnbe  and  tlie 
I  cap,  wliich,  while  it  prevents  the  iiier- 
rora  escaping  when  the  barometer  is 
d,  nevertheless  gives  free  passage  to 
■.  All  the  parts  of  the  reservoir  are 
inted  in  Fig.  2&t,  in  perspective,  un- 
d  and  inverted, 
sing  this  barometer,  it  is  first  suspended 

ring  C,  so  that  the  instrument  may 
fVeely,  when,  like  a  plumb-line,  it  will 

0  rest  with  the  scale  perfectly  vertical, 
lie  level  of  the  mercury  in  the  reservoir  is 
t  to  correspond  with  the  point  of  the 
in,  by  turning  the  screw  C  (Fig.  263)  in 
rection  or  the  other.  This  coincidence 
attained  with  great  accuracy  in  the  way 
/  described  in  the  last  section.  Since 
el  of  the  mercury  in  the  basin  now  co- 

witli  the  zero  of  the  scale  graduated  on 
iss  case,  it  only  remains  to  read  off  the 
of  tlie  column  of  the  mercury  in  the  tube 
.ns  of  the  scale  at  its  side.  For  this  pur- 
lie  vernier  is  raised  or  lowered  by  means 
tliuml»-screw  until  its  lower  edge  is  just 
t  to  the  convex  surface  of  the  mercni-y 
tube  (Fig.  262).  Tliis  adjustment  can 
!  obtained  with  great  accuracy  by  sus- 
g  the  barometer  in  front  of  a  light  wall, 
g  across  tlie  front  and  back  edge  of  the 
iibe  carrying  the  vernier,  wliich  moves  rig.  as*. 

the  brass  case  of  the  instrument.  It 
mains,  then,  to  read  on  tlie  scale  the  position  of  the  ver- 

1  obtain  the  height  of  the  barometer  within  a  tenth  of  a 
!tre. 

eat  advantage  of  this  form  of  barometer  is  the  facility  and 
vith  which  it  may  be  transported.  By  raising  the  scraw  C 
ntly,  the  whole  interior  of  the  lube  and  reservoir  may  be 
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filled  with  mercniy,  and  then'  the  inBtrument  maj  be  reverted 
and  transpui'ted  from  placo  to  placo  without  danger  ;  and  ereaif 
the  tube  is  accidentally  broken,  it  is  always  possible,  with  a  little 
skill,  to  replace  it. 

A  thermometer  is  always  attached  to  the  barometer,  eioce 
the  height  of  llro  mercury  column  varies  slightly  with  the  lero- 
pcraturo  ;  for  heat,  by  expanding  the  mercury,  changes  slight- 
ly its  specific  gravity,  and  on  this  tlie  height  of  tlie  coIium 
depends.  The  t^tandard  temperature  which  lias  been  adopted 
is  0°  0.,  and  all  barometrical  observations  are  corrected  so  as  to 
reduce  them  to  the  standard  temperature.  A  table  for  applying 
this  correction  will  bo  found  in  luost  works  of  meteorology,*  and 
the  method  of  calculating  it  will 
bo  explained  in  the  chapter 
on  Heat.  A  second  correction 
is  alhO  required  fur  capillarity, 
the  nature  of  which  will  be 
explained  in  a  future  section. 
This  correction,  however,  is  a 
constant  quantity  for  the  same 
instrument,  and  is  generally 
allowed  for  by  the  instrument* 
makerf  in  adjusting  the  scale 
of  the  instrument. 

(IGl.)  Common  Barometer. 
—  Having  described  at  length 
the  two  most  useful  and  accu- 
rate forms  of  the  barometer,  it 
will  not  be  necessary  to  do 
more  than  allude  to  the  nu- 
merous modifications  of  the 
instrument  which  have  been 
devised  by  Gay-Lussac  and 
other  physicists,  for_  the  pur- 
pose of  obviating  tlie  correc- 
tion for  capillarity.  They  will 
be  found  descril>ed  at  lenjith  ii 
A  very  common  form  of  barometer,  which  is  much  used  as  • 

•  See  GuvoI'k  Mtteorolociml  ThWpii.  puhlished  hj  the  SmitlT'OTiian  Insiitiirkm. 
t  Good  bannnutcrs,  litt  ihe  oiie  ikncriliod,  «ro  made  Ij  Girfn,  of  Kcw  Ymt 
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wtheMiidicator,  is  represented  in  Fig.  265.  The  glass  tube 
as  the  form  of  a  sipbou,  as  represented  in  Fig.  266.  When  the 
lercuff  falls  in  the  barometer,  it  must  of  course  rise  to  a  pro- 
ortional  height  in  the  short  arm  of  the  siphon,  and  it  raises  a 
oat  resting  upon  it.  This  float  is  fastened  to  a  cord  which 
•sses  round  a  wheel,  O,  and  is  attached  to  a  weight,  P,  on  the 
ther  side.  The  motion  of  the  float  thus  communicates  motion 
1  the  wheel,  and  this,  in  its  turn,  moves  the  index  over  tlio  dial- 
late  of  the  instrument.  Such  barometers  admit  of  no  precis- 
in,  and  are  of  little  value  except  as  ornaments. 
A  variety  of  "barometer  depending  on  the  laws  of  elasticity 
las  already  been  described  (IIH),  and  is  represented  iu  Fig.  267. 
Vaother  form  of  barometer,  dif- 
erently  constructed,  but  depend- 
ing on  the  same  principle,  is  the 
iKroid'  barometer,  invented  by 
M.  Vidi.  Both  of  these  barome- 
ters, on  account  of  their  small 
volume  and  the  absence  of  any 
&igile  material  in  their  construc- 
teoo,  are  very  portable.  They  are 
*eiT  sensible,  and  more  regular 
ia  their  indication  than  the  com- 
noB  mercury  barometers,  especial- 
hthen  the  difierances  of  pressure 
*n  not  great ;  but  they  cannot  bo 
Klied  upon  where  high  scientific  '' 

teuracy  is  required.  They  can,  however,  be  higlily  reconi- 
Bnded  as  common  house  or  ship  barometers.  Since  tlio  ela!>- 
iKilf  of  the  metal  of  theec  barometers  is  liable  to  cliaiige  with 
hf  use,  it  is  important  to  adjust  the  instruments  from  time  to 
%e,  by  comparing  them  with  a  standard  mercury  barometer, 
a  can  of  disagreement,  they  can  easily  be  made  to  accord,  by 
^ag  a  screw  provided  for  the  purpose. 

(U2.)  Uses  of  the  Barometer.  —  The  barometer  is,  without 
^•tion,  one  of  the  most  useful  instruments  in  the  hands  of  the 
■Wmrt.  The  volumes  of  the  gases  on  which  he  experiments 
[Reliable  to  considerable  variations,  depending  on  changes  in  the 


*  Fran  i  ind  "p^,  leMeul  mnufun,  «ioc«  the  iD«[mn)eat  is 
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pressure  of  the  atmosphere ;  the  boiling  points  of  liquids  arc  also 
materially  influenced  by  tliem  ;  and  it  is  therefore  essential  to 
observe  the  height  of  the  barometer  at  each  experiment,  and  to 
correct  the  results  by  reducing  them  to  that  which  would  have 
been  obtained  had  the  barometer  stood  at  76  c.  m.  at  the  time  of 
observation.  These  uses  of  the  barometer  will  all  be  explained 
in  future  sections  of  this  volume,  and  it  is  not  therefore  necct?- 
sary  to  dwell  \\\yon  them  here.  As  a  meteorological  yi^tnimcnt, 
the  barometer  is  the  most  important  means  of  investigating  the 
laws  of  the  changes  which  arc  constantly  taking  place  in  the  at- 
mosphere, —  a  problem  which  is  of  the  greatest  interest  to  man- 
kind. This  atmosphere,  as  lias  been  already  stated,  may  be 
regarded  as  a  great  liquid  sea,  and  its  waves  are  constantly  roll- 
ing over  our  heads.  When  the  crest  of  one  of  its  immense  tidal 
waves  is  over  the  barometer,  the  instrument  rises,  and  when  tlie 
de{)rossiou  follows,  the  barometer  falls ;  and  thus,  by  watching 
the  height  of  the  mercury  column,  we  are  able  to  follow  changes 
in  the  atmosphere  which  would  otherwise  escape  notice.  For 
many  years  the  height  of  the  barometer  has  been  registered  ot 
stated  hours,  night  and  day,  at  a  large  number  of  meteon»lodcal 
stations  all  over  the  world  ;  and  although  but  few  general  roMilts 
have  been  ol)tained,  yet  sufficient  has  been  learned  to  warrant  us 
in  expecting  much  in  the  future. 

The  mean  height  of  the  barometer  during  a  year  at  any  one 
place  is  constant ;  but  it  varies  at  different  latitudes,  gradually 
increasing  from  the  equator  to  the  thirty-sixth  pandleUand  them^ 
diminishing  to  the  iK)le.     During  the  same  day,  the  barometer 
undergoes  v ltv  regular  oscillations,  which  are  greatest  at  llie 
equator.     According  to  Hunibohlt,  at  the  equator  there  are  two 
maxima,  at  ten  o'clock,  morning  and  evening,  and  two  niinimt, 
at  four  o'clock,  morning  and  evening  ;  the  amplitude  of  the  os- 
cillation during  the  day  amounting  to  2.55  m.  m..  but  that  durinjf 
the  night,  from  four  o'clock  in  the  evening  to  four  o'clock  in  the 
morning,  being  only  0.84  m.  m.     The  same  oscillations  are  no- 
ticed all  over  the  torrid  zone ;  but  in  the  temperate  zone  thef 
have   a   less   amplitude,   and    are   more   masked   by  accidental  ^ 
changes.     But  nevertheless,  by  comparing  the  means  of  a  larp  ^ 
number  of  observations  continued  during  a  long  interval,  they  ^ 
can  be  detected,  and  nearlv  at  the  same  hours.     If  has  l»een 
further  discovered  that  their  amplitude  is  variable,  being  greater 
in  summer  than  in  winter. 
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IS  these  regular  oscillatfons,  the  barometer  in  temperate 
is  liable  to  apparently  irregular  changes,  produced  by 
1  the  atmosphere.  As  a  general  rule,  it  may  be  stated 
ing  fair  weather  the  barometer  is  high,  while  it  is  gen- 
try much  depressed  during  a  rain-storm.  So,  also,,  a 
all  of  the  barometer  usually  indicates  tlie  approach  of  a 
md,  on  the  other  hand,  the  clearing  up  of  a  storm  is 
ly  preceded  by  a  rise  in  the  mercury  column.  Hence 
le  most  valuable  uses  of  the  instrument,  in  forewarning 
gator  of  the  approach  of  a  storm.  Those  who  have 
the  indications  of  the  barometer  know  that  they  are  fre- 
at  fault,  and  that  they  are  only  probably  correct.  It  is 
ecessary  to  add,  that  the  words  "  Fair,"  "  Rainy,"  etc., 
re  frequently  placed  against  certain  points  of  the  scale 
ion  barometers,  have  no  furtlier  foundation  in  fact  tlian 
s  just  been  stated,  and  are  therefore  simply  useless, 
t  has  now  been  said  to  show  the  importance  of  baromet- 
vations  in  meteorology,  and  we  must  refer  to  tlie  works 
cience  for  the  details  of  the  subject. 

MarioUe's  Law. 

)  Statement  of  Marioite^s  Lata. — We  have  ali-eady  stated 
es  obey  a  special  law  of  compressibility.  This  law  was 
E)d  independently  by  the  Abb(3  Mariotte  in  France,  and 
imous  English  philosopher  Boyle,  during  the  last  half 
eventeenth  century.  It  may  be  thus  stated :  The  vol- 
a  given  weight  of  gas  is  inversely  as  the  pressvre  to 
is  exposed;  that  is,  the  greater  the  pressure,  the  smaller 
ilume,  and  the  less  the  pressure,  the  larger  is  the  volume. 
Y  be  illustrated  by  an  India-rubber  bag  holding  one  litre 
any  other  gas.  This  is  exposed  to  a  pressure,  under  tlic 
conditions  of  the  atmospliere,  of  a  little  over  one  kik>- 
on  every  square  centimetre  of  surface.  If  this  pressure 
jd,  the  volume  of  the  bag  will  be  reduced  to  one  half;  if 
to  one  third,  etc.  On  the  other  hand,  if  the  |)ressure  is 
to  one  half,  the  volume  will  be  doubled  ;  if  to  one  third, 
me  will  be  trel)led,*  etc.  The  principle  is  expressed  in 
Eitical  language  by  the  proportion, 

V  :  V  =  H:  H,  [98.] 

*  We  suppose  the  bag  to  have  no  elasticity. 
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in  which  H  and  H'  are  the  heights  of  the  barometer  which  meas* 
ure  the  pressure  to  which  the  gas  is  exposed  under  the  two 
conditions  of  volume  V  and  V', 

It  follows  from  [52],  that  the  density  of  a  given  weight  of 
gas^  is  inversely  as  the  volume,  or  V :  V  z=z  jy  :  I>;  and  by 
comparing  this  proportion  with  the  last,  we  obtain 

D  :  D'  =  H:  H';  [99.] 

or  the  density  of  a  gas  is  proportional  to  the  pressure  to  which 
it  is  exposed.  Moreover,  since  the  weight  of  a  given  volume  of 
gas  is  proportional  to  the  amount  of  matter  which  it  contains  (it>' 
density),  and  its  density,  as  just  proved,  proportional  to  the  prc^- 
sure,  it  follows  that  the  weight  of  a  given  volume  of  gas  is  directly 
as  the  pressure  to  which  it  is  exposed;  or 

W  :  W  =  H  :  IP.  [100.] 

These  three  proportions  are  very  important,  and  will  be  con-  i 
stantly  referred  to  in  the  following  pages.  The  student  must  Ik; 
careful  to  notice,  that  in  [98]  the  weight  of  gas  is  supposed  to  j 
be  constant  and  the  volume  to  vary,  and  in  [100]  the  volume  is 
supposed  to  be  constant  and  the  weight  to  vary.  It  is  unneces- 
sary to  add,  tliat,  as  the  volumes  of  gases  vary  also  with  the 
temperature,  the  law  of  Mariotte  is  true  only  no  long  RS  the 
temperature  remains  constant. 

The  variations  in  the  pressure  of  the  atmosphere,  amoontiDg    { 
at  times  to  one  tenth  of  the  whole,  necessarily  cause  equally  gnVt 
changes  in  tlic  vohime  of  gases  which  are  the  objects  of  chemical 
experiment.     Hence,  in  order  to  compare  together  different  vol- 
lunes  of  gas,  it  is  essential  that  they  should  have  been  measured    . 
when  exposed  to  the  same  pressure.     A  standard  pressure- lia»   ^ 
therefore  been  agreed  upon,  that  measured  by  seventy-six  cen-    1 
timetres,  to  which  the  volumes  of  gases  measured  under  any  J 
otlier  pressure  must  always  be  reduced.  ^ 

(1G4.)  Ezperimental  Illvstration.  —  The  law  of  compressibiK 
ity  of  gases  may  be  readily  illustrated  by  the  following  expwi- 
ments,  which  were  devised  by  Mariotte  himself. 

For  pressures  greater  than  the  atmosphere^  we  use  the  appait* 
tus  represented  in  Fig.  268,  which  consists  of  a  glass  tube  beat 
in  the  form  of  a  siphon,  closed  at  the  end  £,  and  fastened  to  » 
wooden  support.     At  the  side  of  each  arm  of  the  bent  tube  ii 
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id  a  graduated  scale,  the  zero  point  of  the  two  scales  being  on 

same  horizontal  line.    The  scale  at  the  right  of  the  long  arm 

cates  centimetres,  and  measures  the  heights  of  the  fbercury 

columns,  while  that  at  the  left  of  the  shoii; 
arm  measures  the  volume  of  confined  gas  in 
the  closed  end  of  the  tube.  In  commencing 
the  experiment,  mercury  is  poured  into  the 
tube  at  the  end  C,  and  by  inclining  the 
apparatus  is  brought,  with  a  little  manipu- 
lation, to  stand  at  the  zero  point  on  both 
scales.  The  volume  of  air  confined  in 
the  tube  A  B  is  now  evidently  exposed  to 
the  pressure  of  the  atmosphere,  which  is 
equivalent  to  about  76  c.  m.  of  mercury. 
If,  now,  we  pour  mercury  into  the  tube  C 
until  the  difference  of  level  of  the  mercury 
in  the  tubes  is  76  c.  m.,  the  confined  air 
will  be  exposed  to  a  pressure  of  two  atmos- 
pheres, and  its  volume  will  be  reduced  one 
half,  as  is  represented 
in  the  figure.  If  the 
tube  were  sufficiently 
long,  so  that  we  could 
make  the  difference  of 
the  two  columns  equal 
to  152  cm.,  the  vol- 
ume would  be  reduced 
to  one  third.  Were  the 
difference  made  equal . 

•ee  or  four  times  76  c.  m.,  the  volume 

1  be  reduced  to  one  fourth  or  qne  fifth. 

r  pressures  less  than  an  atmosphere  j 

le  the  apparatus  represented  in  Fig. 

x>nsisting  of  a  barometer  tube  divided 

iubic  centimetres,  and  a  deep  mercury 

D,  to  the  side  of  which  is  fastened  a 

divided  into  centimetres  for  meas- 

the  differences  of  level.     The  experi- 

is  commenced  by  filling  the  barom- 

rabe  nearly  to  the  top  with  mercury, 

25 


ng-aea 


Fig.  269. 
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leaving  a  space  of  only  ten  cubic  centimetres  filled  with  air. 
The  tube,  being  closed  with  the  thumb  and  inverted,  is  sunk  in 
the  mercury  cistern  until  tlie  mercury  in  the  tube  and  the  cistern 
stands  at  the  same  level  and  at  the  tenth  division  on  the  tube. 
The  confined  air  in  the  tube,  measuring  in  volume  ten  cubic 
centimetres,  is  now  evidently  exposed  to  the  pressure  of  the  at- 
mosphere, which  we  will  suppose  equivalent  to  76  c.  m.  of  mer- 
cury. If,  now,  we  raise  the  tube  in  the  reservoir,  the  level  of  the 
mercury  in  the  tube  will  rise  above  that  in  the  cistern,  as  rep- 
resented in  the  figure.  The  confined  air  is  now  exposed  to  a  less, 
pressure  than  76  c.  m.  by  exactly  the  difference  of  level ;  because, 
as  can  easily  be  seen,  the  pressure  of  the  atmosphere  is  in  part 
expended  in  supporting  the  column  of  mercury,  and  only  the  re- 
mainder of  its  pressure  is  exerted  on  the  confined  air.  When, 
therefore,  the  height  of  the  column  of  mercury  in  the  tube  abo?e 
the  mercury  level  in  the  cistern  is  38  c.  m.,  the  pressure  oa 
the  confined  air  is  76  —  38  cm.,  or  one  half  of  an  atmosphere, 
and  its  volume  will  be  found  to  have  doubled.  When  the  difi3^ 
ence  of  level  is  equal  to  50.666+  c.  m.,  the  pressure  on  the  con- 
fined air  is  76  —  60.6664-  =  25.3-+-  c.  m.,  or  one  third  of  an 
atmosphere,  and  its  volume  will  be  found  to  have  trebled.  When 
the  difference  of  level  is  equal  to  57  c.  m.,  the  air  is  exposed  to 
the  pressure  of  only  one  fourth  of  an  atmosphere,  and  its  volume 
will  be  found  to  have  quadrupled. 

(165.)  History  of  Marioite's  Law,  —  The  law  of  the  com- 
pressibility of  gases,  as  established  by  Mariotte,*  was  for  a  long 
time  received  as  absolute  and  invariable ;  for  although  Boylef 
and  Musschenbroek  %  found  that  the  compressibility  diminished 
with  the  pressure,  on  the  other  hand  Sulzer§  and  Robinson  | 
found  that  it  increased  with  the  pressure ;  and  these  d)yiousl7 
inaccurate  results  do  not  appq^r  to  have  diminished  tlie  general  j; 
confidence  in  the  law.  In  1826,  Oersted  and  Swendsen1[  re-  \ 
peated  the  experiments  of  Mariotte,  extending  their  investigatioa 

♦  CEnyres  de  Mariotte,  (La  Haye,  1740,)  Tom.  I.  p  152. 
t  Boyle's  Defence  of  his  Doctrine  touching  the  Spring  and  Weight  of  the  Ait 
Works,  Vol.  L  (folio.) 

I  Coura  dc  Physique,  (Paris,  1759,)  Tom.  III.  p.  142. 
S  M^moires  de  I'Aca^mie  de  Berlin,  1753,  p.  116.  ^] 

II  System  Df  Mechanical  Philosophy,  Vol.  in.  p.  637.    Also,  Encydopiedia  BriM^^ 
nica.  Article  Pneumatics,  Vol.  XVI.  p.  700. 

IT  Edinburgh  Journal  of  Science,  Vol  IV.  p.  224. 
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ramirea  of  eight  atmoepheres,  and  apparently  confirmed  tlie 
tracy  of  the  lav  ;  for  although  the  numbers  they  obtained  in- 
to a  greater  compreBsibility  than  would  accord  with  the  law, 
bej  attributed  the  differences  to  errors  of  observation.  They 
wards  extended  tlieir  investigation  to  greater  pressures  than 
t  atmospheres ;  but  the  method  of  experimenting'  which  they 
ioyed  was  too  rude  to  establiBh  the  absolute  accuracy  of  the 
although  it  was  sufficiently  exact  to  show  that  the  law  was 
oximatively  true  up  to  very  high  pressures. 
-.  the  time  when  the  law  was  thus  universally  admitted  as 
.utely  accurate,  M.  Despretz  f  investigated  the  subject  from  a 
point  of  view.  Without  questioning  the  law  in  regard  to 
16  merely  sought  to  ascertain  whether  all  gases  obeyed  ex- 
tiie  same  law,  or  whether,  when  submitted  to  the  same 
nue,  they  indicated  different  degrees  of  compressibility, 
experiments  were  conducted  in  the  following  way.  He  took 
inber  of  cylindrical  tubes,  closed  at  tlie  top  and  of  the  same 
bt,  and  filled  one  of  them  with  air,  but  the  rest  with  different 
3.    These  were  then  arranged  side  by  side,  standing  in  a  re»- 


r  of  mercury,  and  supported  against  a  graduated  scale,  as 
sented  in  Fig.  270.     The  apparatus  thus  arranged  was  in- 

k^  coDdennd  tbe^,  by  DHansorarorM-pnmp.inlo  the  chamber  of  an  air-gun. 
ij  DtMu  of  R  balance  the;  determined  (he  weight  of  air  introduced,  and,  knowing 
■maof  ibe  chamber,  the;  etuilj  calcntated  ila  dcnaitr.  Lasllv,  they  determined 
m6e  force  (^  the  coadetucd  air  with  the  aid  of  a  tnfrJy-vatve.  This  vaire  was 
ij  a  wdgllt  acting  on  the  arm  of  a  lever  ;  and  in  the  experiments  the  weight 
and  along  tbe  arm  nntil  the  elastic  force  of  the  cDniin»I  air  raised  the  Talie. 
■Sm.  Am  Sciences,  Beet  I.  Tom.  VIII.  p.  3S5.  Also,  Annales  de  Chimie  et  do 
[Mi  r  BM«,  Too.  XXSIV.  pp.  335,  448. 
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troduced  into  a  glass  cylinder  full  of  water,  similar  to  that  repre- 
sented in  Fig.  271.     This  cylinder  is  connected  with  a  small  force- 
pump,  by  which  water  may  be  forced  into  it,  and  a  pressure  iLiis 
exerted  on  the  surface  of  tlie  mercury  in  the  basin.     Before  com- 
mencing the  ex{)eriment,  the  level  of  the  mercury  is  made  the 
same  in  all  the  tubes  as  in  the  basin,  so  that  the  gases  they 
contain  are  sul)mitted  to  the  pressure  of  the  atmosphere.    On 
increasing  the  pressure  by  forcing  water  into  the  cylinder,  it  is 
evident  that,  if  tlie  gases  all  obeyed  Mariotte's  law,  they  would 
all  suffer  the  same  amount  of  condensation  ;  for  example,  when 
the  pressure  had  readied  two  atmospheres,  the  volume  of  each 
gas  would  be  reduced  to  one  half,  and  so  on.     Moreover,  Hiice 
the  tubes  are  perfectly  cylindrical,  an  equal  condensation  would 
be  indicated  by  an  ecpial  rise  of  the  mercury;  and  therefore,  if 
the  law  were  general,  the  level  of  the  mercury  would  be  the 
same  in  all  the  tulles,  however  great  the  pressure.     It  is  evidcut, 
also,  that,  if  the  law  is  not  absolutely  general,  the  apparatus  was 
exceedingly  well  calculated  to  detect  the  discrepancy ;  since  a 
very  sliglit  difference  in  the  level  of  the  mercury  could  easily  Iw 
distinguished.    In  fact,  Dospretz  found,  on  increasing  the  pressure 
progressively,  that  the  mercury  rose  in  each  tube,  but  rose  un- 
equally.    Carbonic  acid  gas,  sulphide  of  hydrogen,  ammonia  gas, 
and  cyanogen,  were  compressed  under  the  same  circumstauces 
more  than  air,  and  the  difference  increased  as  the  pressure  was 
augmented.    With  hydrogen,  on  the  other  hand,  a  contrary  effect 
was  observed.     This  gas  acted  like  air  until  the  pressure  ros 
to  fourteen  atmospheres ;  but  under  greater  pressure  than  tlk"^ 
it  was  compressed  less  tlian  air,  and  consequently  maintained 
greater  volume. 

These  experiments,  in  which  errors  are  almost  impossibl 
since  the  gases  are  placed  under  identically  the  same  condi 
—  proved  that  the  law  as  enounced  by  Mariottc  is  not  uiii 
and  that  each  gas  has  a  special  law  of  compressibility.* 
recently  these  results  have  been  confirmed  by  Pouillc 
constructed  an  apparatus  on  a  similar  priuciplc>  by  whic 
enabled  to  continue  the  experiment  \vp  to  very  great  p~^ 


gftS 


•  Oented,  for.  at.,  had  prcrioiwly  noticed  >^^^  ^^^^>^uton»  acia  i 
•n  air,  when  unhmitted  to  the  Baine  pi'^^^  ^Vsv  ^  apP*™*^*  ^ 
bore ;  but  he  attributed  the  ph«n^::^^ \. \ve i^^^ ^^^ 
to  a  Uqaid,  and  not  to  a  deviatio^C^'^^sJ^otte'*  V'^- 

1^  Xaementi  de  Physique,  6«  ed-  ^^T^  ^ise^-  ^-  ^  ^' 
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Tlie  experiments  of  Despretz  had  proved  that  the  law  of  Mari- 
otte  was  not  general ;  but  it  was  still  supposed  to  hold  true  of  air, 
and  of  the  gases  of  which  air  consists.  This  opinion  was  soon 
after  apparently  confirmed  by  the  celebrated  investigation  of 
Arago  and  Dulong  on  the  elastic  force  of  steam  at  high  temper- 
atures, made  under  the  direction  of  the  French  Academy  of  Sci- 
ences, at  the  request  of  the  government. 

As  a  preliminary  to  the  main  object,  these  distinguished  physi- 
cists determined  the  amount  of  diminution  of  volume  of  at- 
mospheric air  under  increasing  pressure  up  to  twenty-seven 
atmospheres.  The  method  which  they  employed  was  precisely 
flie  same  as  that  of  Mariotte.  The  volume  of  the  air  was  meas- 
ured in  a  vertical  glass  tube  one  liundred  and  seventy  centimetres 
long,  graduated  into  parts  of  equal  capacity,  and  forming  the  short 
arm  of  an  inverted  siphon.  The  pressure  was  exerted  by  means 
rf  a  column  of  mercury  in  a  glass  tube  twenty-six  metres  high, 
forming  the  longer  arm  of  the  siphon  ;  and  it  was  determined  by 
"neasuring  the  difference  of  level  of  the  mercury  in  the  two  tubes. 

Although  this  apparatus  was  precisely  similar  in  principle  to 
wiat  of  Mariotte,  it  was  a  vast  improvement  upon  it,  and  would 
>^nd  in  the  same  relation  to  Mariotte's  simple  tube  that  a  mod- 
8ni  chronometer  does  to  a  common  watch.  If  we  had  space,  it 
*^d  be  interesting  to  describe  the  apparatus  in  detail,  in  order 
_  wstrate  the  advance  which  was  made  in  experijnental  science 
if  iT^-  ^ntury  and  a  half  which  had  elapsed  since  the  death 
ott©  in  ig84 .  ^J^^  ^^  must  refer  the  student  to  the  origi- 
Scien    ^^^^^*  which  was  presented  to  the  French  Academy  of 

ces  on  the  30th  of  November,  1829. 
ioiH3_     J  Diilong  made  three  different  series  of  observa- 

ihe  nu  J  ^^b  they  commenced  with  the  gas  in  the  mcasuring- 
"ogr^g^  f  *^^  pressure  of  an  atmosphere,  and  condensed  it 
he  nnai  ^  ^^  increasing  the  column  of  mercury  in  the  long 
*  iiCftoft      attained  the  height  of  several  metres ;  and  after 

the  ^^  of  />x"e8sure  they  measured  the  volume  of  the  gas 
^^i/i^tjC^    of  level  of  the  mercury  in  the  two  tubes. 

of  experiments,  the  temperature  of  the  gas 
^  J.3®)  during  the  whole  time,  and  the  pres- 


Sciences,  Tom.  X.  ;  and  Annates  dc  Chimie  et  de 
p.  74. 
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sure  increased  to  twenty-seven  atmospheres.  It  was  i 
of  the  three,  and  we  have  copied  the  results  in  tlie  fc 
table  :  — 


Premare  in 

AtmcMpheret. 

(Approxi- 

mAte.) 

PreMure  in 

C«ntinietrefl  of 

Mercur}'. 

Volume 
Oboerred. 

Volume 
Calculated. 

Diflerence. 

Pit 

( 

1.00 

76.000 

501.300 

4.75 

361.24S 

105.247 

105.470 

+0.223 

4.94 

375.718 

101.216 

101.412 

+0.196 

5.00 

881.228 

99.692 

99.946 

+0.254 

6.00 

462.518 

82.286 

82.380 

+0.094 

6.58 

500.078 

76.095 

76.193 

+0.098 

7.60 

673.738 

66.216 

66.417 

+0.201 

11.30 

859.624 

44.808 

44.825 

+0.017 

13.00 

999.236 

87.851 

88.132 

+0.281 

16.{^0 

1,262.000 

30.119 

30.192 

+0.073 

17.00 

1^24.506 

28.664 

28.770 

+0.106 

19.00 

1,466.736 

25.885 

25.978 

+0.098 

21.70 

1,658.490 

22.968 

28.044 

+0.076 

21.70 

1,658.440 

22.879 

22.972 

+0.098 

24.00 

1,843.850 

20.547 

20.665 

+0.118 

26.50 

2,023.666 

18.838 

18.872 

+0.039 

27.00 

2,049.868 

18.525 

18.588 

+0.068 

The  first  column  gives  the  pressure  approximativelj  ir 
pheres  equal  each  to  seventy-six  centimetres  of  mercury 
second  gives  ihe  exact  pressure,  as  observed  by  measui 
difference  of  level,  and  subsequently  corrected  for  tem}: 
and  the  compressibility  of  mercury.  The  third  columi 
the  observed  volume  of  gas  in  the  measuring-tube  un< 
given  pressure,  which  was  kept  at  the  same  temppratu 
ing  tho  whole  series  of  experiments.  The  fourth  colamj 
the  volume  which  the  gas  would  have  under  the  given  p: 
if  Mariotte's  law  were  absolutely  true.  The  fifth  columi 
the  difference  between  the  observed  and  calculated  vol 
And,  finally,  the  sixth  column  gives  the  proportion  of  thes 
ferences  to  the  observed  volume.  It  will  be  noticed  that  th 
ferences  are  in  all  cases  very  small,  seldom  greater  than  one 
hundredth  of  the  observed  volume,  and  frequently  almost  not 
Moreover,  it  will  also  be  noticed  that,  although  tho  differene* 
always  in  the  same  direction,  indicating  in  every  case  a  gi 
oompresedon  than  that  required  by  Mariotte*s  law,  yet  the  pi 
tioa  of  these  differences  to  the  observed  volume  does  not  im 
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This  volume  is  a  monument  of  scientific  industry  and  skill,  and 
marks  an  epocli  in  the  history  of  physical  science.  Amoug  the 
other  numerical  data,  Regnault  carefully  redetermined  the' 
amount  of  diminution  of  volume  of  atmospheric  air  under  in- 
creasing pressure.  lie  repeated  the  experiments  of  Dulong  and 
Arago  with  a  greatly  improved  apparatus,  and  extended  his  in- 
vestigations to  other  gases.  It  will  not  be  possible,  in  this  text- 
hook,  to  enter  into  a  description  either  of  the  method  or  of  the  ' 
apparatus  employed.  Suffice  it  to  say,  that,  although  they  were 
similar  in  general  to  those  adopted  by  Dulong  and  Arago,  they 
differed  in  one  inij>ortant  detail.  Instead  of  keeping  the  quan- 
tity of  the  gas  in  the  measuring-tube  constant  during  the  whole 
experiment,  as  his  predecessors  in  the  same  line  of  investigation 
had  done,  he  continually  forced  fresh  gas,  by  means  of  a  condcns^ 
ing-pump,  into  the  measuring-tube  as  the  pressure  increased,  and 
thus  had  the  volume  of  gas  in  the  tul>e  the  same  pi^eparatory  to 
each  measurement.  The  apparatus  was  so  delicately  constructed, 
that  he  could  measure  the  difference  of  level  of  the  mercury  in  the 
two  tubes  to  nearly  the  half  of  a  millimetre,  and  also  the  volume 
of  the  gas  in  the  measuring-tube  with  as  great  an  accumey  at  the 
highest  as  at  the  lowest  pressures.  We  would  most  earnestly 
recommeiul  the  student  to  examine  the  original  memoir  of 
Begnault,*  as  one  of  the  best  examples  of  a  successful  scientific 
investigation  on  record.  From  the  results  which  Regnault  ob- 
tained, the  following  table  has  been  calculated  :  — 


FicMura* 


-1-0.0000 
•H).0a06 
40.0638 
-Ml.l75t 


Carbonte 
Add. 


lUMXX) 

4.8288 

9.2262 

18.1689 

16.7054 


DlffereDce. 


m. 

-H0.0000 
-I0.1722 
+0.7788 
-1-1.8131 
-frS.2946 


Hfdrogra.       INSnvpB^ 


m. 

1.0000 

6.0116 

10.0560 

15.1895 

20.2687 


pven  Tdume  of  gas  is  taken, 
pressare,  but  under  au  initi 
u  of  mercury  one  metre  in 
.id|^t  of  the  column  of  men 
tenth,  one  fifteenth 
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tventieth  of  its  prinutive  yolume.  It  is  evident,  that,  if  iian- 
otte's  law  were  invariable,  it  would  require,  in  tlie  case  of  any  gas, 
pressures  corresponding  to  columns  of  mercury  respectively  five, 
ten,  fifteen,  and  twenty  metres  high  to  produce  this  result.  Now, 
in  the  table,  opposite  to  each  volume,  arc  given  the  heights  of 
the  columns  of  mercury  in  metres,  whicli  are  actually  required, 
as  deduced  Irom  the  experiments  of  Regnault  on  air,  carbonic 
acid,  and  hydrogen.  In  the  case  of  air  and  carbonic  acid, 
it  will  be  noticed  that  less  pressure  is  required  than  that  indi- 
cated by  the  law.  In  the  case  of  hydrogen,  on  the  other  hand, 
nureis  required.  We  might  put  these  results  in  a  form  simi- 
hr  to  that  of  the  table  on  page  294,  and  give  opposite  to  each 
pressnre  the  observed  volume  and  the  calculated  volume.  It 
vonld  then  appear  that  air  and  carbonic  acid  arc  condensed 
more  by  a  given  pressure,  and  hydrogen  less,  than  the  amount 
required  by  Mariotte's  law. 

It  appears,  then,  from  these  exp>eriments,  that  Mariotte's  law  is 
not  an  exact  expression  of  the  truth,  even  for  air.  The  deviation 
fcni  the  law  in  the  case  of  air,  however,  is  exceedingly  small, 
<»d  it  required  all  the  precautions  with  which  Regnault  guarded 
ku  experiments  to  detect  and  measure  it.  In  a  theoretical  point 
rf Tiew,  this  deviation  is  of  the  greatest  importance  ;  but  in  the 
pKtieal  application  of  Mariotte's  law  in  the  manometer,  and  in 
*B  dstennination  of  Uie  volumes  of  gases,  it  may  be  entirely 
«>eriooked. 

By  tarefiiTlj  examining  the  table  on  page  296,  it  will  be  noticed 
"'  the  dcviution  from  the  law,  in  the  case  of  all  three  of  the 
I,  increases  rapidly  with  the  increase  of  the  pressure.  This 
*  B*neral  law  in  regard  to  all  gases  which  have  been  studied. 
*e  may  conelmlc  that,  as  the  pressure  diminishes  and  the 
.  I»ads,  the  deviation  from  the  law  of  Mariotte  becomes 
lU  hi  *^'  ''"^'''  ^^  "^^  infiuita  degree  of  expansion,  this  law 
ij^  "'0  exact  expression  of  the  truth.  Regnault  did  not, 
^^^*Ieiid  his  experiments  to  pressures  less  than  that  of 
■•fisnl  '  ^'®'^*'^^^  '''•*  prociflion  of  his  method  was  not 

_-  _         'ii'toct    at   such  pressures  any  deviation  from  the 

8  to  another  important  conclusion. 

__■  of  ^  and  of  air,  it  will  be 

■tooadj  J  i,t  they  deviate  from 
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the  law  of  Mariotte  in  opposite  directions.  Starting  from  t 
state  of  infinite  expansion,  at  which  both  would  exactly  obey, 
as  just  stated,  the  law,  it  would  be  found,  on  gradually  i&> 
creasing  the  pressure,  that  the  volume  of  the  air  diminished  in  t 
greater  proportion,  but  that  of  hydrogen  in  a  less  proporti<Ni,  thaa 
the  pressure.  Here,  then,  are  two  gases,  one  varying  from  tbo 
law  on  one  side,  and  the  other  on  the  opposite  side.  Betweea 
these  two  we  may  conceive  of  a  gas  which  should  have  a  com- 
pressibility exactly  conforming  to  the  law.  This  hypothetical 
gas  being  taken  as  the  limit,  we  have  on  the  one  side  a  claas  of 
gases,  comprising  air,  nitrogen,  oxygen,  carbonic  acid,  etc.,  which 
have  a  greater  and  constantly  increasing  compressibility,  and  oa 
the  other  side  a  single  gas,  hydrogen,  forming  a  class  by  itsdi^ 
and  having  a  less  and  constantly  diminishing  compressibility. 
The  law  of  Mariotte  may,  therefore,  be  regarded  as  a  limit,  sot 
realized  in  nature,  from  which  the  different  gases  deviate  on 
either  side  more  or  less,  according  to  their  nature,  as  well  as  ac- 
cording to  the  pressure  to  which  they  are  exposed. 

Some  experiments  of  Regnault  seem  to  show  that  the  class  to 
which  a  gas  belongs  depends  upon  the  temperature.  He  noticed 
that,  although  carbonic  acid,  as  shown  by  the  table,  deviates  very 
markedly  from  the  law  of  Mariotte  at  the  temperature  of  0^,  yet 
that  it  conforms  almost  precisely  to  it  at  the  temperature  of  100". 
He  also  noticed  a  similar  fact  in  regard  to  air,  which  was  found 
to  deviate  from  the  law  much  less  at  an  elevated  temperature 
than  at  the  ordinary  temperature  of  the  atmosphere ;  and  lie 
concludes  that  a  temperature  could  easily  be  attained,  at  wliich 
the  deviation  would  become  insensible  to  our  means  of  observa- 
tion. He  even  thinks  it  probable,  that,  at  a  very  high  tempera- 
ture, the  air  would  again  deviate  from  the  law  of  Mariotte,  but 
in  the  opposite  direction,  namely,  that  in  which  hydrogen  devi- 
ates at  the  ordinary  temperature.* 

Generalizing  these  observations,  it  is  supposed  that  the  same 
would  be  true  of  all  the  gases  belonging  to  the  first  class.  As 
the  temperature  is  increased,  it  is  supposed  tliat  tlieir  compres' 
sibility  would  gradually  diminish,  and  that  they  would  finally 
conform  exactly  to  Mariotte's  law,  at  different  temperatures, 
determinate  for  each  one.     If  the  temperature  were  pushed 

*  Mdmoircs  de  TAcad^mie  des  Sciences,  Tom.  XXI.  p.  403. 
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is  limit,  it  is  supposed  tbat  they  would  deviate  anew 
law,  but  in  an  opposite  direction,  passing  over  into 
)f  gases  of  which  at  the  ordinary  temperature  we  have 
cample,  hydrogen.  On  the  other  hand,  since  hydrogen 
at  the  ordinary  temperature  of  the  air  the  character 
»se  gases  have  at  a  high  temperature,  it  is  natural  to 
:hat,  by  lowering  the  temperature  sufficiently,  we  should 
gas  to  the  condition  in  which  they  exj^t  at  the  ordinary 
re.  We  should  expect  to  find,  that,  at  a  certain  degree 
would  conform  exactly  to  the  law  of  Mariotte ;  and  that, 
ower  temperature,  it  would  deviate  from  that  law  again, 
opposite  direction.  It  must  be  admitted,  however,  that, 
;hese  conclusions  are  in  conformity  with  the  analogies 
,  tliey  are  based  upon  too  slight  experimental  data  to 
Q  of  much  value  ;  and  further  experiments  on  the  com- 
f  of  gases  at  high  temperatures  are  among  the  most 
desiderata  of  this  branch  of  science, 
the  last  few  years,  further  experiments  on  the  condensa- 
,  nitrogen,  oxygen,  hydrogen,  and  oxide  of  carbon  have 
B  by  Natterer  with  a  very  powerful  condensing-apparar 
rhich  he  has  been  able  to  exert  a  pressure  of  nearly  three 
itmospheres.  Even  with  this  immense  pressure,  he  did 
3d  in  condensing  these  gases  to  liquids ;  but,  on  the 
le  found  that  the  compressibility  in  all  the  five  cases 
lan  that  required  by  Mariotte's  law.  From  his  results, 
Ing  table  *  has  been  calculated  by  interpolation :  — 


Nomber  of  Volumes  oondeoMd  Into  Ooe. 

1 

HjdroBm. 

Oxygvn. 

Nitrogen. 

Air. 

Oxide  of 
Nitrogen. 

• 

1 

60 

98 

896 

778 

m 
mm 

1 
60 
100 
489 
695 
667 
.  • 

•  • 

•  • 

•  • 

1 

60 

99 

881 

619 

•  • 

690 

641 

684 

706 

1 

60 
100 
896 
627 

.  • 
607 
661 
704 
726 

1 
60 
100 
412 
644 
.  • 
617 
669 
706 
727 

U8b%  nod  Kopp,  Jahresbericht  fdr  1864,  Scite  88.    For 
Mb  Btr.  Xn.  199,  or  Pog^.  Ann.,  XCIY.  436. 
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Opposite  to  the  number  of  atmospheres  of  pressure  is  pTen  fa 
each  of  the  five  gases  the  number  of  volumes  which  are  coft- 
densed  by  the  dilBFerent  pressures  into  one  volume.   In  other  wor(h| 
these  numbers  represent  the  number  of  volumes  into  which  one  ' 
volume  of  the  condensed  gas  would  expand,  if  allowed  to  expand 
freely  under  the  pressui-e  of  the  atmosphere.     If  the  gases  fol- 
lowed the  law  of  Mai'iotte,  the  number  of  volumes  would  always 
be  equal  to  the  number  of  atmospheres  of  pressure.    According 
to  these  experiments,  the  number  is  very  much  less  than  this, 
showing  that  at  these  high  pressures  the  compressibility  is  veiy 
greatly  diminished.     It  will  be  noticed  that  these  res-ults  are  ii 
accordance  with  those  of  Regnault  in  regard  to  hydrogen,  bul 
directly  opposite  to  them  in  regard  to  the  other  gases.    Since, 
however,  the  experiments  of  Naterer  were  conducted  in  a  man- 
ner not  calculated  to  give  accurate  numerical  results,  they  le- 
quire  further  confirmation. 

We  have  dwelt  at  some  length  on  the  history  of  Mariotte's  law, 
both  because  it  furnishes  one  of  the  best  examples  of  refined  sci- 
entific investigation,  and  also  because  it  illustrates  in  a  veij 
forcible  manner  the  character  of  a  very  large  class  of  the  so-called 
laws  of  nature.  The  compressibility  of  gases  was  in  the  fin* 
place  studied  with  a  comparatively  rude  apparatus,  and  a  simpk 
law  was  discovered,  which  was  accepted  as  the  absolute  truth. 
Later,  when  the  methods  of  investigation  had  become  more  ac- 
curate, it  was  found  that  the  law  was  not  general,  but  it  was  still 
maintained  in  regard  to  air,  until  finally  the  refined  experiments  J 
of  Regnault  proved  that  it  failed  here  also.  Still  the  law  remains 
as  an  ideal  truth  towards  which  nature  tends,  but  which  is  ncTcr 
fully  reached,  and  we  can  even  trace  the  action  of  the  agents 
which  produce  the  i>erturbations.  So  is  it  with  most  physical  laws. 
They  are  not  relations  realized  with  mathematical  exactness,  bat 
ideal  truths  always  more  or  less  false  in  each  particular  case.  1*  ; 
another  place,*  the  author  has  termed  this  class  of  laws,  whiA  ; 
are  merely  expressions  of  external  phenomena,  phenomenal  lawt* 
In  i?ome  few  cases,  as  in  the  law  of  gravitation,  we  have  been 
able  to  go  behind  the  phenomena  to  their  proximate  cause ;  and 
in  such  cases  the  very  variations  have  been  seen  to  be  neces- 
sary consequences  of  the  law  itself.     So,  possibly,  it  will  be  wiA 


•  Mcnioire  of  the  American  Academy  of  Arts  and  Sciences,  Vol.  V.  p.  369. 
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law  of  Mariotte,  when  we  understand  the  constitution  of  the 
gaaeous  condition  of  matter.  But  even  in  regard  to  the  law  of 
[mTitatioUy  there  always  have  been  residual  phenomena  unex- 
dsined  by  the  law,  and  so  probably  there  always  will  be ;  until, 
18  we  go  on  widening  our  generalizations,  the  last  generaliza- 
ion  of  all  brings  us  into  that  Presence  of  which  all  natural  phe- 
lomena  are  the  direct  manifestation. 

(166.)  Limit  to  the  Compressibility  of  Gases.  —  It  has  been 
howu  that  all  gases,  when  submitted  to  pressure,  are,  with  one 
ixception,  compressed  to  a  smaller  volume  than  that  calculated 
rom  the  law  of  Mariotte ;  and  we  have  also  seen  that  the  devia- 
ion  from  the  law  increases  rapidly  with  the  pressure.  With  most 
lases,  however,  experiments  prove  that  the  compressibility  does 
tot  increase  indefinitely  ;  but  that,  when  the  pressure  reaches  a 
iertain  point,  the  gas  changes  into  a  liquid.  This  change  of  state 
akes  place  suddenly,  but  it  is  preceded  by  the  increase  of  the 
oilpressibilify  of  the  gas,  which  has  just  been  noticed,  and  which 
ecomes  very  rapid  as  the  point  of  condensation  is  approached, 
ame  persons  have  been  led  by  this  fact  to  the  opinion  that 
e  deviation  from  tlie  law  of  Mariotte  is  owing  to  a  partial 
[uefaction  of  the  gas ;  but  the  experiments  of  Regnault  and 
)spretz,  already  cited,  tend  to  disprove  this  theory.  The  pres- 
re  under  which  the  condensation  to  the  liquid  state  takes  place 
pends  upon  the  nature  of  the  gas,  and  also  especially  on  the 
nperature.  We  shall,  therefore,  defer  the  consideration  of  this 
bject  to  the  chapter  on  Heat. 

Application  of  Mariotte'* s  Law, 

(167.)  Pressure  of  the  Atmosphere  at  different  Heights.  — 
aving  become  familiar  with  Mariotte's  law,  we  are  prepared  to 
ady  the  variation  of  pressure  as  we  rise  in  the  atmosphere, 
bich  has  been  already  noticed  in  (156.  3).  This  question  is 
idently  one  of  great  importance ;  because,  if  we  can  discover 
te  law  by  which  the  pressure  varies,  we  can  easily  deduce  from 
ro  observations  of  the  barometer  made  at  different  heights  the 
ifference  of  level  of  the  two  stations. 

It  is  evident,  from  the  nature  of  the  case,  that  the  density  of 
lie  atmosphere  must  vary  constantly  with  the  elevation  above 
ke  surface  of  the  earth,  and  hence  that  it  is  not  absolutely  the 
■one  at  any  two  levels,  however  near  to  each  other.     Neverthe- 

26 
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less,  for  eonTenieiice,  ve  will  Boppoee  that  the  atmoflphere  €Q»- 
sists  of  a  series  of  very  thin  conoentrio  layers,  having  a  comiMO 
thickness,  which  we  will  rq^reseni  by  d ;  and  thai  the  densitj  ii 
uniform  throughout  eadi  layer,  chuigpjig  abruptly  as  we  puB 
from  one  to  the  next.  Moreover,  in*  order  to  rednoe  the  quoi* 
tion  to  its  simplest  form,  we  will  suppose  that  the  tenqieiatnn 
of  the  atmosphere  at  the  different  elevationB  is  the  same,  and  at 
0""  C.  We  may  now  represent  the  dififorent  quantities  to  be  used 
in  our  problem  thus :  —  1 

d  =  the  common  thickness  of  the  concentric  layers. 

XiyX^Xg,.,.x^  =:ihe  distances  of  the  lower  soriaoes  of  the  sacoesrife 

.   layers  from  the  centre  of  the  earth. 
H^  H^  H^,...  H^  =  the  heights  of  the  banmieter  in  the  snccessiTelaTerk 

{Sp.  Gr.)^,  (S^.  Gr.)t (/%.  Gr.)^  =  the  spedflcgravity  of  theairiB 

the  successive  layers,  referred  to  mercory. 

We  have,  then,  for  the  thickness  of  the  first  layer,  Xt  —  Xi  ^if 
and  for  the  fall  of  tlie  column  of  mercury  in  the  height  of  the  CM  ^ 
layer,  Hi  —  H,.    It  is  therefore  evident,  that  a  column  of  atmo^  \ 
pheric  air  equal  to  a;,  —  x,  supports  a  column  of  mercury  eqnil  i 
to  JGTi  —  JE^.    Now,  since  the  air  acts  in  all  respects,  so  &r  ai| 
regards  pressure,  like  a  liquid  of  a  very  small  specific  gravitf 
(151),  it  follows  that  the  proportion  [81]  is  true  for  these  two: 
columns  of  air  and  mercury.     Bepresenting,  then,  the  epddiii 
gravity  of  mercury  by  unity,  we  have 

-Hi  —  H^  :  Zi  —  Xi  =  (i§>. GrS)i :  1, 

^  ^  ar,  —  Xi  a 

Moreover,  since  the  pressure  is  proportional  to  the  density  [99], 
it  is  also  proportional  to  the  specific  gravity;  and  wehave, fcr, 
any  two  layere,  such  as  the  first  and  the  »th, 

(^.  er.)i  :  iSp.Gr.X  =  H,  :  H., 
or 

<iSp.Gr.\  :  H.  =  (^Sp.Gr.\  :  SL. 
Representing  by  C  a  constant  quantity,  we  may  evidently  put 

(fy?.Gr.),=  Cfl;,     and     (iSp.Gr.\=  C  H..       [102.1^ 

The  value  of  C  depends  upon  the  latitude  of  the  place  and  oa 
the  conditions  of  tlie  atmosphere,  as  will  hereafter  be  showa. 
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omparing  the  two  values  of  QSp.Gr.^^  [101]  and  [102],  we 
ttain 

^~-^  =  Cg,,      or      H,  =  fli(l  — Cd). 
f  (he  same  course  of  reasoning  we  should  obtain 

^=^  =  Cir„    or  H,=  H^(l  —  Cd)  =  H,(l—Cd)'. 

a 

e  can  in  like  manner  readily  form  the  following  table  :  — 

xt  —  x,  =  d,  B^=Hy{l—Cd)=H^{\—Cd). 

ar,  — X,  =  2rf,  Ht=iHt(\  —  Cd)=:H,{\  —  Cdy. 

x,  —  xt=3d,  If,z=ff,(l  —  Cd)=Jfi{l  —  Cdy. 

X.+.— a-,  =nd;        H.^,  =  JI,{l  —  Cd)  =ff,(l  —  Cd)\ 

The  values  t/,  2  ef,  3  J  . . . .  n  ef,  which  represent  the  elevations 
ofe  any  given  level,  are  evidently  terms  of  an  increasing  arith- 

Jtical  progression  ;  and  the  values  of  Hi,  12^,  H^ H.,^  which 

)fesent  the  pressures  at  these  elevations,  are  evidently  terms  of 
[eometrical  progression,  —  since  each  value  is  formed  from  the 
"ceding  by  multiplying  by  the  constant  quantity  (1  —  Cd). 
reover,  since  the  value  of  this  quantity  is  less  than  unity,  ^lie 
gression  is  decreasing. 

^rom  the  equation  fl;,+i=  fll  (1  —  Crf)",  we  can  easily  ob- 
i  a  formula  for  calculating  the  difference  of  elevation  from  the 
^ht  of  the  barometer  at  any  two  stations.  Taking  the  loga- 
ims  of  the  two  members,  this  equation  becomes 

£t^,  —  log  Hi  =n  log  (1  —  C  rf)>  0^5  developing, 

i  have  assumed  that  the  common  thickness  of  the  atmospheric 
ers  (rf)  was  only  very  small.  We  may  now  pass  at  once  to  the 
ual  condition  of  the  atmosphere  by  making  d  infinitely  small, 
e  (£*,  d*  . . . .,  being  all  infinitely  less  than  cZ,  may  be  taken  at 
t),  and  the  equation  becomes 

logfl^+i  — logfl;  =  — nrf-^; 

,  changing  the  signs  of  all  the  terms, 

log  H  —  log  fl;  + 1  =  n  rf -jg. ; 
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firom  which  can  be  easily  deduced 

In  this  formula,  ndis  obviously  tlie  sum  of  the  thicknesses  of  the 
iufinitelj  thin  layers  between  the  levels  of  the  two  stations,  and 
is  therefore  the  quantity  required.  We  will  represent  it  byi. 
M  is  the  modulus  of  the  common  tables  of  logarithms,  <f - 
2.302585*  C  is  the  constant  already  mentioned.  IC-t  ^  ^ 
height  of  the  barometer  of  the  upper  station,  which  we  can  more 
conveniently  represent  simply  by  h ;  and  H  tlie  hei^t  at  the 
lower  station,  which  we  can  more  conveniently  represent  hjE 
The  formula  then  becomes 

a;  =  log|'.:^.  [102.] 

The  constant,  C,  in  this  equation  is  a  quantity  which,  multi- 
plied by  tlie  height  of  the  barometer,  will  give  the  specific  graT- 
ity  (relatively  to  mercury)  of  the  air  in  which  the  barometer  is 
immersed  [102].     We  shall  hereafter  have  occasion  to  showthit 
the  weight  of  one  cubic  centimetre  of  air,  and  hence  also  its  spe- 
cific gravity,  varies  not  only  with  the  pressure  H^  but  also  with 
the  elastic  forco  of  the  vapor  which  it  contains,  with  the  tempeift- 
ture,  and  with  the  intensity  of  the  force  of  gravity  at  tlio  {Aace 
of  observation.     All  these  circumstances  must,  therefore,  modi^, 
the  value  of  the  constant  C.     If,  however,  we  reduce  the  conft 
tions  to  their  simplest  form,  and  suppose  that  the  temperature 
is  O"*  G.  at  both  stations,  that  the  place  of  observation  is  on  the 
parallel  of  45'',  and  that  the  atmosphere  is  one  half  saturaiai 

with  vapor,  we  have,  for  the  value  of  the  constant,  ^  =  18,1 

metres ;  and,  neglecting  the  variation  of  the  intensity  of  gratitf  ^ 
with  the  elevation,  [lOi]]  becomes  f 

a:  =  log  ~  18336  =  log  H 18886 — log  h  18333  ;        [104.] , 


•  Some  ^Titers  use  as  ^f  the  reciprocal  of  tbis  valae.  J 

t  It  is  evident  that  these  conditions  are  nerer  realized  in  the  atmosphere.  Tbetos- '  j 
])onuuro  diminishes  very  rapidlv  as  we  ascend;  and  the  force  of  gravity  varies  withlfaB  I 
elovution.  as  well  as  with  the  latitude  of  the  place  of  observation.  In  the  pnctkil  ; 
H;>])li(>ation  of  this  method  in  determining;  differences  of  level,  it  is  necessarr  to  piji^ 
^Minl  to  nil  these  rin'umstnnr(>s.  The  eminent  mathematician  La  Place  calcnlated  a.^ 
formula  fur  finding  the  value  of  x,  in  which  all  the  caoacs  which  may  modil^  the  pn»t^ 
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ill  J7and  h  denote  the  height  of  the  barometer  in  millime- 
[f,  further,  wo  suppose  that  the  lower  station  is  at  the  sea 
nd  that  the  barometer  at  this  level  is  at  its  mean  height, 
m.  m.,  the  formula  becomes 

X  =  52,822.6  metres  —  log  A  18336.  [105.] 

e  different  layers  of  the  atmosphere  have  been  considered.    In  this  formula, 
denote  the  following  ralnes :  — 

eight  of  barometer  at  the  lower  station, 
imperatnre  of  barometer  at  the  lower  station, 
rmpenitare  of  the  air  at  the  lower  station. 

:?i(^ht  of  barometer  at  the  npper  station, 
mperatare  of  barometer  at  the  npper  station, 
mperature  of  the  air  at  the  npper  station. 

.tit ado  of  the  place  of  observation. 

I  the  fourth  factor  the  approximate  height  determined  from  the  previous  factors. 

mula  of  La  Place  is  then  as  follows  :  — 

V  +     1000   /' 

5. 
(1  +0  00265  COS  22), 

6. 


1  2  8 

//  18336  — log  h'  18336  —  (T—  T')  1.2843]  X 


/         x  +  16828% 
\V  "^    6866196  /' 


»  not  differ  materially  from  the  complex  equation  of  the  M€canique  CdesU 
de  La  Place,  Tom.  IV.  p.  328,  Paris,  1845).  The  terms  and  fectors  of 
la  have  been  numbered  for  the  sake  of  reference.  The  first  two  terms  are  the 
I  [104],  and  give  the  approximate  elevation.  The  third  term  is  a  correction 
Fcrence  of  temperature  of  the  mercury  columbs  at  the  stations.  The  correct- 
;  is  now  to  be  multiplied  by  three  factors.  The  first  (mariced  4)  corrects  it 
Ferenc-c  of  temperature  of  the  air  at  the  two  stations  ;  the  second  (5),  for  the 
)f  gravity  with  the  latitude ;  and  the  third  (6),  for  the  variation  of  gravity 
Icvation.  The  calculation  of  the  value  of  x  is  rendered  exceedingly  easy  by 
i  set  of  tables,  originally  prepared  by  Oltroans,  which  are  given  in  the  Annu- 
treau  des  Longitudes  of  Paris.  Similar  but  more  extended  tables,  calculated 
«,  Guyot,  and  Loomis,  are  contained  in  the  collection  of  Meteorological 
spared  by  Professor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 

inet  {Ompt^s  Reruhis  de  rAcadtfmie  d^n  Sciences  for  March,  1857)  has  pro- 
edification  of  La  Place's  formula,  which  dispenses  both  with  the  use  of  loga- 
1  with  tables  of  any  kind.  The  notation  is  the  same  as  before,  but  the  two 
s  arc  supposed  to  be  reduced  to  the  same  temperature,  and  the  small  correc- 
e  latitude  is  omitted.    The  modified  formula  is  as  follows  :  — 


r  =  16,000  metres  ^r+J^    (l  +  '^'mr)- 


r  this  formula,  the  two  heights  of  the  barometer  must  first  be  reduced  to  xero, 
then  give  accurate  results  for  elevations  of  less  than  1000  metres,  and  ap- 
resnlts  even  for  much  greater  elevations.    For  further  information  on  this 

26  • 
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From  this  formula^  it  is  easy  to  calculate  th^  pressure  and  spe- 
cific gravity  of  the  atmosphere  at  different  elevations,  on  the 
assumption  that  its  condition  is  as  just  suiqK)sed ;  and  by  nieuis 
of  it  llie  following  table  has  been  constructed. 

Preswrt  €tnd  Specific  Gravity  of  ike  Air  at  inereaeing  AUiindet. 


UmSml 

Bulk  or«|ina 
Weight  of  Air. 

SdmIBS  uMTltV* 

Air«l76«.m.»l 

ndflhtd 
BavooMlt 

0 

1  c.  m.* 

1 

76.00 

5,520 

2    « 

i 

88.00 

11,040 

4    « 

i 

19.00 

16,560 

8    « 

i 

9JH) 

22,080 

16    « 

A 

4.75 

27,600 

82    « 

A 

2.38 

-  This  table  illustrates  the  fact  already  stated  on  page  803 ;  for 
while  the  elevation  above  the  sea  level  increases  in  an  arithmeti- 
cal progression,  the  height  of  the  barometer  and  tlie  specific 
gravity  diminish  in  a  geometrical  progression.  Dr.  Young  hai 
calculated  that,  if  the  air  continues  to  diminish  in  specific  gravitf 
according  to  the  law  indicated  in  the  above  table,  one  cubic  inch 
of  air,  of  the  mean  specific  gravity  at  the  earth's  surface,  would, 
at  a  distance  of  four  thousand  miles  from  the  earth  (a  distance 

Rubject,  we  would  refer  the  student  to  the  exoeUent  coUectioii  of  tablet  by  Frafeflor 
Goyot,  already  mentioned. 

In  taking  observations  of  the  barometer  for  the  jmrpose  of  measuring  heights,  cotHi 
precaations  are  indispensable,  in  order  to  obtain  good  resnltf .    If  the  horinnita)  distSDBi 
between  the  stations  is  considerable,  it  is  necessary  to  make  the  two  obscrvaiio&i» 
mnltaneously,  in  order  to  eliminate  the  effect  of  the  accidental  changes  to  which  thi 
barometer  is  liable ;  or,  if  this  is  impossible,  to  retam  to  the  first  station,  and  aioalril 
whetlier  the  pressure  has  changed  in  the  interval.    If  it  has,  the  observation  shoaUl*  ,j 
rejected.    But  even  this  method  of  observing  will  not  eliminate  the  effects  of  die  i^^ 
lar  changes,  because  these  are  not  necessarily  the  same  at  the  two  stations,  and  dsMT^ 
take  place  at  precisely  the  same  moment,  espedaUy  when  the  difference  of  elevttioail^i 
considerable.     The  same  is  also  more  or  less  true  of  the  accidental  changes.  M 
order  to  eliminate  all  these  causes  of  error,  it  is  best  to  make  a  great  number  of 
rations  simultaneously  at  both  stations,  and  to  take  the  mean  ;  and  this  couneii*'^ 
sential  when  the  two  stations  are  several  miles  apart.    For  example,  ni  finding  As^ 
elevation  of  a  place  above  the  sea  level,  it  is  best  to  take  the  barometric  mean  of 
place,  calculated  from  observations  extending  over  several  years,  and  compare  it 
a  similar  mean  taken  at  the  sea  level.    In  the  tropics,  where  die  acddental 
barely  exist,  and  where  the  regular  variations  follow  well-known  laws,  accurate  lesa 
can  be  obtained  by  taking  successive  observations  at  the  different  stations.    With  pt 
mstruments  and  careful  obftervation,  the  difilBrenoe  of  level  can  be  aeoeitidiied, 
the  formula  of  La  Place,  within  a  metie.  4 
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qnal  to  the  earth's  radius),  fill  the  whole  orbit  of  Satum  ;  and, 
m  the  other  hand,  if  a  mine  could  be  dug  forty-six  miles  deep 
nto  the  earth,  that  the  air  at  the  bottom  would  be  as  dense  as 
picksilver. 

It  has  already  been  stated,  that  there  is  probably  a  limit  to  the 
ipper  surface  of  our  atmosphere,  as  definite  as  that  of  the  sur- 
ace  of  the  ocean.  At  this  elevation,  the  repulsive  force  of  the 
nicies  is  supposed  to  be  balanced  by  their  gravitation  towards 
ie  earth.     If  we  assume  that,  at  this  point,  the  repulsive  force 

equal  to  a  colunm  of  mercury  one  millimetre  high,  we  can 
isily  calculate  the  height  of  the  atmosphere.     The  second  term 

the  second  member  of  [105]  disappears,  since  log  1  =  0,  and 
3  obtain  x  =  52,822.6  metres.  But  this  assumes  that  the  tem- 
rature  is  the  same  at  this  high  elevation  as  at  the  surface, 
mely,  0".  Tlie  probability  is  that  the  temperature  is  about 
60"  C.  We  must,  therefore,  make  a  correction  for  this  dilBFer- 
ce,  amounting,  as  follows  from  La  Place's  formula,  (see  note, 

304,)  to  0.12  of  the  whole,  which  reduces  the  height  to 
,483.9  metres. 

Instruments  illustrating  the  Properties  of  Gases. 

(168.)  Manometers,  —  This  name  (derived  from  fiavd^^  rare^ 
i  fjUrpov^  measure}  is  applied  to  a  class  of  instruments  which 
J  used  for  measuring  the  elastic  force  or  pressure  of  confined 
ses  and  vapors.  Of  the  numerous  forms  of  the  manometer, 
!  shall  describe  but  three. 

1.  For  pressures  less  than  the  atmosphere,  the  most  convenient 
m  of  manometer  for  the  laboratory  is  that  represented  in  Fig. 

2,  at  the  side  of  the  barometer.  It  consists  simply  of  a  tube, 
on  at  both  ends.  The  lower  end  dips  into  a  reservoir  of  mer- 
ry, and  the  upper  end  connects,  by  a  flexible  hose,  with  the 
Bsel  containing  the  gas  or  vapor  whose  pressure  we  wish  to 
Msure.  If  the  gas  exerts  no  pressure,  or,  in  other  words,  if 
ere  is  a  vacuum  in  the  vessel,  it  is  evident  that  the  mercury 
n  stand  at  the  same  height  in  the  tube  as  in  the  barometer ; 
d,  on  the  other  hand,  if  the  gas  exerts  pressure,  the  mercury 
D  be  depressed  by  the  exact  amount  of  this  pressure.  By 
Msuring  with  a  cathetometer  the  ditference  of  level  in  the 
rometer  and  manometer  tubes,  we  can  ascertain  the  exact 
kount  of  the  pressure,  or  tension,  of  the  confined  gas. 
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2.  The  form  of  manometer  represented  in  Fig.  278,  whid 
owe  to  Regnault,  may  be  used  both  for  pressures  greater  and 
than  that  of  the  atmosphere.  It  consists  of  two  glass  tubes, 
and  1  k,  which  are  cemented  into  an  iron  U,  (made  as  repre 
ed  in  Figs.  276,  277,  and  278,)  and  form  togetlier  an  iuv( 
siphon.  Between  the  two  arms  of  the  siphon,  and  formi 
part  of  the  iron  U,  is  placed  a  three-way  cock,  whose  cons 
tion  is  sufficiently  explained  by  the  figures.  According  t* 
position  which  we  give  to  this  cock,  we  may  either  open  or 
the  communication  between  the  glass  tubes,  or  vent  the  mei 
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ither  tube  alone,  or  from  both  together,  at  pleasure.  .The 
k  is  open  at  the  top,  and  the  mercury  column  which  it 
IS  receives  the  pressure  of  the  atmosphere.    The  tube  g  h 


Fig.  278. 


Fig  27& 


lates  in  a  capillary  tube,  which  is  bent  at  right  angles,  and 
2ted  with  the  vessel,  a  6,  containing  the  gas  or  vapor  whose 
ity  we  wish  to  measure,  by  a  connection  of  peculiar  con- 
ion,  and  admirably  adapted  for  experiments  of  this  kind. 
e  end  of  the  tube  bg  \s  cemented  the  steel  cap  a'  b'  d\ 
is  represented  in  Fig.  274.     The  face  of  this  cap  is  formed 


?Sg.276. 


Fig.  277. 


Fig.  278. 


Jane  surface,  a'  6',  and  by  a  hollow  cone,  o'.     On  the  other 

the  face  of  the  stopcock  wliich  closes  the  reservoir  has 

y  a  reverse  form,  and  the  two  are  carefully  ground  to- 

•.     In  order  to  secure  a  joint  which  is  absolutely  hermeti- 

is  only  necessary  to  press  the  two  together  by  means  of 
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a  brass  collar  (Fig.  275)^  which  is  tightened  by  means  < 
screws,  after  having  interposed  a  little  melted  Indiarn 
The  elasticity  of  the  gas  in  the  reserroir  a  6  is  measui 
the  difference  of  the  level  of  the  mercury  in  the  two  arms 
tube,  and  by  the  height  of  the  barometer.     If  the  level 
same,  then  it  is  evident  that  the  elasticity  is  exactly  eq 
the  atmospheric  pressure,  and  is  measured  by  the  height 
barometer.    If  the  level  is  higher  in  the  tube  h  g  than 
then  the  elasticity  is  measured  by  the  height  of  the  bare 
less  the  difference  of  level.    On  the  other  hand,  if  the  I 
highest  in  the  tube  t  A,  then  tiie  elasticity  is  measured  I 
height  of  the  barometer  plus  the  difierence  of  level.     Bepi 
lug  the  elasticity  by  i^,  the  height  of  the  barometer  redu 
0°  by  H^y  and  the  difference  of  level,  also  reduced  to  the 
ard  temperature,  by  Ao,'we  have  in  every  case 

1^  =  Bo±h^.  I 

8.  The  form  of  manometer  just  described,  although  t 
ceedingly  accurate  instrument,  cannot  be  conveniently 
when  the  elasticity  is  greater  than  two  atmospheres,  be* 

when  the  difference  of  level  exceeds  76 
C^^  the  tube  i  k  must  be  made  inconveniently 

<^  and  the  instrument  becomes  difficult  to  ms 

Where  great  accuracy  is  not  necessary,  ^ 
then  use  with  advantage  a  form  of  the  m: 
eter  which  is  represented  in  Fig.  279,  and 
is  based  on  Mariotte's  law ;  for  although, 
have  seen,  this  law  is  not  rigorously  true, 
in  regard  to  air,  yet  the  deviation  is  so 
that  it  may  be  regarded  as  exact  for  all 
tical  purposes. 

This  third  form  of  manometer  consist 
cylindrical  glass  tube,  closed  at  the  to] 
filled  with  dry  air.  The  lower  end  of  th( 
passes  through  the  collar  of  a  cast-iron  res( 
and  dips  under  the  surface  of  the  mercury 
which  it  is  in  part  filled.  At  the  side 
Fig.  279.  reservoir  is  an  opening  which  connects  1 

tube  A  with  the  closed  vessel  or  boiler  C( 
ing  the  gas  or  vapor  whose  elastic  force  is  to  be  mea 
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"The  whole  apparatus  is  fasteaed  to  a  wooden  plank  for  COD- 
TOuence  and  security. 

The  quantity  of  tlie  air  coataiiied  in  the  glass  tube  is  such 
tbat,  when  the  opening  at  A  communicates  with  the  atmosphere, 
tbe  mercury  stands  at  the  same  level  in  the  tube  and  reservoir. 
CoDsequently,  opposite  to  this  level  ou  the  plank  is  marked  the 
ignre  1.  K,  now,  a  pressure  is  transmitted  through  A  equal  to 
taro  atmospheres,  the  mercury  will  rise  in  the  tube  until  the  ten- 
liim  of  the  confined  air,  added  to  the  pressure  of  ^e  mercury 
eobinn,  just  balances  it.  Were  it  not  for  the  weight  of  the  mer- 
auy,  it  would  rise  to  just  one  half  of  the  height  of  the  tube  ;  but 
IB  fact  it  rises  to  somewhat  less,  because  a  part  of  the  pressure  is 
Kfpoiiiei  by  the  mercury  column  itself.  In  like  manner,  if  the 
pressure  is  increased  to  four  atmospheres,  the  mercury  does  not 
rise  to  three  quarters  of  the  height  of  the  tube,  because  the  pres- 
nre  is  in  part  sustained  by  the  column  of  mercury,  and  is  not, 
therefore,  all  transmitted  to  the  confined  gas.  It  is  easy  to  cal- 
culate the  exact  point  to  which  it  will  rise  when  the  height  of  the 
tube  is  known,  and  to  graduate  the  instrument  by  inscribing  the 
Bomber  of  atmospheres  at  the  side  of  the  tube.  This  instrument 
ii  not  sufficiently  delicate  for  high  pressures  ;  for,  the  volume  of 
the  air  becoming  smaller  and  smaller,  the  divisions  become  pro- 
portionally close  together. 

The  metallic  manometer  of  Bourdon,  based  ou  the  elasticity  of 
metals,  has  been  already  described  (104). 

(109.)  Pneumatic  Trough.  —  This  simple  contrivance,  which 
»e   owe    to     Dr.  < 

Priestley,  for  col- 
bctiug  and  trans- 
ferring gases,  is 
(me  of  the  most 
Ttluable  instni- 
neuts  of  chemis- 
by.  It  consists 
uoally  of  a  rec- 
tmgular  trough. 
Bide  of  glass  or 
of  any  other  suit-  -  '  ■--'    —  ^ 

.,'..,.  Flg.!SO, 

•Ue  inaterial,   ut 

which  ia  suspended  a  shelf,  as  represented  in  Fig.  280.    The 
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shelf  is  perforated  with  one  or  more  holes,  and  its  under  sarfaoe 
is  concave.  tVhen  in  use,  the  trough  is  filled  with  water  to  t 
level  which  is  one  or  two  inches  above  the  shelf.  In  order  to  col- ' 
lect  a  gas,  a  glass  jar  or  bell  is  first  filled  with  water,  and  then 
placed  on  the  shelf  with  its  mouth  downwards  and  over  the  hole. 
The  tube  conducting  the  gas  is  now  adjusted  so  that  its  mouth 
shall  open  under  the  shelf,  when  the  gas,  as  it  escapes,  will  bubble 
up  and  displace  the  water  sustained  in  the  jar  by  the  pressure  of 
the  air.  After  one  jar  is  filled  with  gas,  it  may  be  moved  to  one 
side,  and  its  place  supplied  with  another,  previously  filled  with 
water,  as  before ;  or  the  jar  may  be  removed  from  the  trough  by 
sliding  under  its  open  mouth,  still  immersed  in  water,  a  plate. 
On  lifting  the  plate  from  the  trough,  it  will  hold  suflScient  watff 
to  retain  the  gas  in  the  bell  standing  on  it.  We  can  also  readily 
transfer  gases  from  one  jar  to  another  by  filling  the  jar  to  receive 
the  gas  with  water,  placing  its  mouth  over  the  hole  in  the  sheH 
and  then  pouring  up  the  gas  from  the  other  jar. 

A  very  simple  pneumatic  trough  may  be  made  with  an  earthen- 


Fig  28L 


ware  basin  of  water,  as  represented  in  Fig.  281.     The  jar  ia 
which  the  gas  is  to  bo  collected  can  be  readily  put  in  its  place  ia 

the  following  way.      It  is   first  filled  wifli 

Q-aV        ^      water,  and   a  glass   plate   pressed  with  tt* 
^#^^     hand  over  the  mouth.     It  is  then  inverted, 


M 


j.j^'^  the  mouth  plunged  under  the  water  of  the 

basin,  and  the  glass  plate  removed.     The 
nuuitli  of  the  jar  may  be  conveniently  supported  on  an  inverted 
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nocer,  in  vhich  tvo  holes  have  been  perforated,  as  represented  in 
fig.  282.  Through  the  hole  at  the  side  passes  the  end  of  the 
tabe  GouductiDg  the  gas. 

There  are  m&nj  gases  which  are  absorbed  by  water,  and  in  ex- 
perimenting on  these  we  use  a  trough  filled  with  mercury.  Such 
t  trough  is  represeuted  in  Fig. 
283,  and  two  vertical  sections 
of  the  same  in  Fig.  284.  On 
iccouut  of  the  cost  of  mer- 
nuy,  the  mercury  trough  is 
mde  in  such  a  form  as  to 
economize  as  far  as  possible 
Ibe  metal.  In  other  respects, 
it  ia  precisely  similar  to  the 
nter^trough,  aud  does  not 
leqnire  a  detailed  descrip- 
tion. 


In  measuring  the  volume  of  a  gas  standing  in  a  graduated  bell 
^er  the  pneumatic  trougli,  it  muEt  be  remembered  tliat  the  gas 
*s  not  exposed  to  the  pressure  of  tlio  atmosphere  as  indicated  by 
tbe  barometer,  except  when  the  level  of  the  liquid  is  the  same 
toth  in  the  bell  and  in  tlie  trougli.  When  the  level  is  higher  in 
tbe  bell,  then  the  pressure  exerted  on  the  gas  is  evidently  meas- 
■red  by  the  height  of  the  barometer  H,  less  the  height  of  a  col- 
imn  of  mercury  Ag,  which  is  equivalent  to  the  difference  or  level. 
If  the  trough  is  filled  with  mercury,  this  lieight  is  equal  to  the 
iftrence  of  level ;  if  with  water,  wc  can  always  easily  find,  by 
[81],  the  height  of  the  column  of  mercury,  which  is  equivalent 
lo  ^e  difierence  of  water  level,  or,  more  readily,  by  inspection 
(hm  Table  XIX.  Let  us  call  this  difTerenco  of  level,  reduced  to 
lentimetreB  of  mercury  at  0°  C,  Ag.  In  order,  tlien,  to  reduce  tlie 
27 


*iiiiiiie  if  joa  »  ±B  a 


.a  — i.:ri 


£  itf  76  c  m.,  we  h&Te,bf 


r-r"^-: 


[191.1 


yjj*  E::fer?iii:«  if  jf"r»i  31^  aCvsn  be  measured  by  a  calbe- 
zcjntKiiT.  :e  3ii:r^  mitdj  zf  i  exhaled  scale.  We  can  also 
anxd  dus  measnremetit  by  sinbng 
ar  r^dof  tbe  bell  in  the  trough 
uLcl  the  lenl  is  the  same  in  botii 
(«e  F^.  385).  This  is  not,  hof- 
em.  £0  Meonte  a  method. 


ClTy.)  Gasometers.  —  These  are  instruments  for  collecting  I 
and  preserving  larger  TOlumes  of  gas.  They  have  various  forms,  j 
but  that  represented  in  Fig,  286  is  one  of  the  most  useful.  1'  : 
consists  of  a  closed  and  air-tight  cylindrical  vessel,  A,  made  rf  '. 
copper  or  zinc,  which  is  surmounted  by  a  basin,  C.  This  baaii  ii  - 
supported  on  the  cylinder  by  five  columns  of  copper,  two  of  whidi,  i 
a  and  6,  are  hollow,  and  furnished  with  stopcocks.  The  tube  a  ^ 
o{K!ns  at  once  into  the  the  top  of  the  cylinder ;  but  the  tube  b, «  ' 
the  contrary,  descends  quite  to  the  bottom.  At  c,  there  is  a  smiH 
stopcock  for  drawing  off  the  gas ;  and  at  d,  a  short  curved  tui^ 
which  can  be  hermetically  closed  by  the  screw-plug  k. 

In  order  to  use  the  instrument,  we  commence  by  ponring 
water  into  the  basin  C,  having  first  closed  the  opening  d,  8b4 
opened  tlie  stopcocks  a  and  b.  The  water  now  flows  into  tfc« 
cylinder  l)y  the  long  tube  b,  and  the  air  escapes  by  the  tube  •> 
and  wo  continue  pouring  water  Into  C  untU  the  cylinder  A  i» 
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completely  filled,  when  we  close  the  stopcocks  a  and  b.  In  order, 
now,  to  fill  the  cylinder  with  gas,  we  open  the  tubulature  A:,  and 
introduce  the  mouth  of  the  tube  connecting  with  the  vessel  from 
which  the  gas  is  evolved.  The  pressure  of  the  air  sustains  the 
water  in  the  gasometer,  and  the  gas,  as  it  bubbles  up,  collects  in 
the  upper  part,  displacing  the  water,  which  slowly  flows  from  the 
tubulature.  When  the  evolution  of  gas  has  ceased,  we  remove 
the  tube  and  close  the  tubulature  d. 

If  now  we  open  the  cock  6,  a  portion  of  the  water  from  the 
ve^el  C  descends  into  the  cylinder,  and  the  confined  gas  is  com- 
pressed by  the  force  of  a  column  of  water  equal  in  height  to  the  dif- 
ference of  level  of  the  water  in  the  two  vessels  A  and  C  Hence, 
on  opening  the  cock  c,  the  gas  will  flow  out,  and  its  place  will  be 
Bupplied  with  water  from  the  vessel  C.  Or,  if  we  wish  to  fill  a 
bell  with  gas,  we  first  fill  it  with  water,  cover  the  mouth  with  a 
glass  plate,  and,  having  inverted  it  in  the  vessel  C,  place  it  over 
the  tube  a.  On  opening  the  cock,  the  gas  will  rise  into  the  bell 
Bjid  displace  the  water  it  contains,  while  an  equivalent  amount 
^(  water  will  descend  by  tlie  tube  b  into  the  cylinder. 

(171.)  Safety-Tubes.  —  These  tubes,  which  are  frequently 
c^nuected  with  chemical  apparatus  for  the  purpose  of  avoiding 
explosions,  or  preventing  the  mixing  of  liquids  which  the  vessels 
composing  the  apparatus  contain,  are  excellent  illustrations  of  tlic 
properties  of  gases.  Let  us  suppose,  for  example,  that  we  are 
preparing  chlorine  gas  from  hyperoxide  of  manganese  and  chlo- 
lohydric  acid,  in  the  flask  A  (Pig.  287), 
and  that  connected  with  this  flask  by  the 
bent  tube  ab cis  a  test>-glass  filled  with 
a  solution  of  caustic  soda,  on  which  we 
wish  the  gas  to  act,  and  which  absorbs 
U  rapidly.  So  long  as  the  chlorine  is 
•volved  with  great  rapidity  the  process 
goes  on  with  regularity,  and  the  gas  bub- 
kks  up  through  tlie  solution. 

The  elastic  force  of  the  chlorine  gas  in 
Ihe  flask  is  evidently  greater  than  the 
pessore  of  the  atmosphere;  because  it 

■dances  not  only  the  atmosplieric  pressure  on  the  solution  of 
ttostic  8oda,  but  also  a  column  of  this  solution  whose  heiglit, 
•  (Pig.  287),  is  equal  to  the  difference  of  level  between  the  surface 
of  the  liquid  in  the  test-glass  and  the  open  mouth  of  the  gas- 


A.-. 


Fig.  287. 
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tube  r.  The  pressure  of  the  atmosphere  is  measured  by  J^  tlx 
licight  of'  the  column  of  mercurj  which  it  supports.  We  ma} 
also  measure  the  pressure  exerted  bj  the  column  of  liquid  a  in 
the  same  wav  ;  for  when  we  know  its  specific  gravity,  it  is  easy, 
by  [^1],  to  find  the  height  of  a  coliunn  of  mercury  whidi 
would  exert  tlic  same  pressure.  Let  A«  represent  tlie  height  of 
this  cohimn  of  mercury,  and  (^Sp.Gr.^  niid(^ Sp.Gr.y  the  specific 
gravities  of  mercury  and  the  solution  respectively ;  we  shall 

liavca:A,=  (S;>.GV.):(5/i.GV.)',andA,  =  a  [J'S'.     Then 

the  elastic  force  of  the  gas  in  the  balloon  is  equivalent  to  a  col- 
umn of  mercury  whose  height  equals  tlie  sum  of  S^  and  A,,  or 


«=^+4l:S:i' 


[108.] 


\/y 


Let  us  suppose,  now,  tliat  from  any  cause,  such  as  the  exhaus- 
tion of  the  materials,  or  the  cooling  of  the  flask,  the  evolution  of 
chlorine  ceases ;  it  is  evident  that,  if  the  solution  continues  to 
absorb  the  gas  contained  in  the  flask  A^  the  elastic  force  of  tbu 
gas  will  constantly  diminish,  and  the  pressure  of  the  atmosphere, 
remaining  constant,  will  cause  the  liquid  to  rise  in  the  tube  b  c. 
If  the  experimenter  is  present,  he  can  prevent  accident  by  uncork* 
ing  the  flask  ;  but  if  the  absorption  continues,  the  greater  part  of 
the  solution  may  be  pressed  over  into  the  flask,  and  the  experi- 
ment defeated. 

Such  an  accident  can  be  prevented  by  adjusting  to  the  flask 

the  safety-tube  efg^  having  the  fonu  rep- 
resented in  Fig.  288.  Into  this  tube  we 
pour  a  quantity  of  the  same  liquid  which 
is  contained  in  the  flask,  and  which  in  the 
present  case  would  be  clilorohydric  add. 
When  the  process  is  going  on  regularly, 
and  the  gas  is  escaping  from  the  mouth  of 
the  tube  c,  the  tension  of  the  gas  in  the 
flask  will  raise  a  column,  h,  of  chlorohy- 
dric  acid  in  the  tube/^,  which  must  ne- 
cessarily exert  a  pressure  equal  to  tto 
tension  less  the  pressure  of  the  air  ott 
'^ff  2J«.  tlie  top  of  the  column.     Hence  by  [108] 

this  pn^ssuro  is  measured  by  a  column  of  mercury  which  equab 

"  I'o'^M-      iroreover,  if  (Sp.Gr.Y  represents   the    specific 
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grayity  of  the  acid,  a  column  of  mercury  exerting  an  equiva- 

(So  GrT  V 

knt  pressure  will  also  be  equal  to  A  ^.^-    *^.  ,  and  we  shall  have 


.ASp.Gr.r  _      (Sp.Gr.y 


If  now  the  evolution  of  gas  ceases,  and  the  tension  of  the  gas 
hk  the  flask  becomes  less  than  the  pressure  of  the  atmosphere,  as 
before,  the  liquid  will  rise  in  the  tube  b  c.  But  it  will  also  fall 
in  the  tubeg-/;  and  if  the  parts  are  properly  proportioned,  the 
shlorohydric  acid  will  fall  to  the  lowest  point,  /,  of  the  safety- 
iube,  before  the  solution  reaches  the  point  6,  when  air  will  enter 
-he  flask  by  the  safety-tube  and  prevent  any  accident.  A  bulb  is 
>Iown,  at  the  point  u,  sufficiently  large  to  hold  all  the  liquid  con- 
iained  in  the  tube/g* ;  and  the  air,  in  entering  the  flask,  bubbles 
lirough  the  liquid  in  this  bulb. 

This  safety-tube  is  also  a  security  against  the  bursting  of  the 
]ask.  It  not  unfrequently  happens,  in  experiments  similar  to 
Jie  one  just  described,  that  the  mouth  of  the  exit-tube  becomes 
digged  by  a  deposition  of  solid  matter.  If,  now,  the  evolution  of 
^  continues,  the  pressure  rapidly  increases  on  the  interior  of 
the  flask,  and  soon  becomes  greater  than  the  thin  walls  of  the 
fessel  can  resist,  when  an  accident  would  result.  A  safety-tube 
effectually  prevents  such  a  possibility ;  for  when  the  tension  of  the 
gas  becomes  much  greater  than  the  pressure  of  the  atmosphere, 
the  hquid  will  be  driven  out  of  the  safety-tube,  and  the  gas  can 
tiien  escape  freely  into  the  atmosphere. 

The  safety-tube  also  enables 
us  to  introduce  liquids  into  the 
flasks  during  the  experiment, 
without  removing  the  cork. 

When  the  vessel  used  for  mak- 
ing gas  is  a  retort,  the  safety- 
tube  may  be  attached  to  the  exit- 
tube,  as  represented  in  Fig.  289. 
This  peculiar  form  of  safety-tube 
11  called  Wetter^ s  tvhe,  from  the 
ttme  of  the  chemist  who  in- 
^ted  it. 

In  making  hydrogen  or  car- 
knic  acid,  we  frequently  use  a  two-necked  bottle,  such  as  is 

27* 


Fig.  289. 


.::  i-  iZL":  *.,".-j.^c2  contained  in  a  tesl-gla 
LxiL-.  rio  i^  sbe  ^<»iilewill  raiwacoluma 
^.T'-—:-.,  -r:>»e  beielrt  will  bear llie saw 
-•:  ::-\:l=z.  J  ■  FiiT.  iisy)  which  th€  >pecifa 
_  :r-e  i-.^^-c'ss*  ha*  lo  that  in  the  boUk. 
':  i:>;;.f.  ihs:  we  wish  to  transmit  the  s 
;:'  ±-^ks  A^-taiaine  the  same  or  difli^rtnt 
:-'«;*r  '.'r.i:  w-j  used  the  arrangement  w'l 
:  -:->;  -  v,-i  :-  Fig.  iOi.  contaming  soluiioifi  I 


wliii  h  alisorh  tlie  gas  evolved  from  the  flask  -4.  and  let  us  eiam- 
iii';  wliJit  would  lie  the  tc-nslon  of  the  gras  in  the  nicccssive  jsn- 
I  In;  (;riu  in  Uie  jnr  E  communicates  directly  with  the  atmosphers 
Hiroiiirli  the  tiiUe  o,  and  its  tension  is  therefore  represented  bj 
till',  hr'jrriit  f,f  tiie  harometer,  or  H,.  The  tension  of  the  gas  u 
III';  jnr />  must  evidently  be  measured  by  the  height  Jt  pins  the 
lll!i^dlt  of  11  column  of  mercury  which  is  equivalent  to  the  culuna 
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jl^  liquid  in  the  jar  Ey  indicated  by  a""  in  the  figure.  In  like 
luer,  die  tension  of  the  gas  in  the  jar  C  will  be  equal  to  the 
anon  in  D  plus  a  quantity  which  is  measured  by  a  column  of 
srcory  equivalent  to  a'" ;  and  so  on  for  C  and  B.  Finally,  the 
asioD  of  the  gas  in  the  flask  will  be  equal  to  the  tension  in  B  plus 
quantity  which  is  measured  by  a  column  of  mercury  equivalent 
a'.    If,  then,  we  represent  the  specific  gravities  of  the  liquids  in 

e  four  bottles  by  rf',  d'\  d'",  and  d"",  and  that  of  mercury  by  J, 

*  d'         d" 

)  shall  have  for  the  equivalent  mercury  columns,  a'  --,  a"  -jr^ 

'  -p,  and  a"'*  -r-  .    The  measures  of  the  tension  of  the  gas  in 

e  four  bottles  and  the  flask  are,  then,  as  follows :  — 

In  the  bottle  J?....  Hq. 

d 

Jim  Jill 

**        "      C        //o  +  a""  —  +  a'"  1 . 

d  d 

"      i?        ^0  +  a""  —  +  a'"  ?L  +  a''  ~  . 

d  d  d 

gjiiii  glni  Jii  Ji 

In  the  flask  A        H^-\-  a""  —  +  a'^'  —  +^''  ^  +  a'  1.   [110.] 

Hi  now,  the  evolution  of  gas  ceases  in  the  flask,  while  the  ab- 
vption  continues  in  the  bottles,  it  is  evident  that  there  will  be 
transfer  of  liquid  from  right  to  left  through  the  bottles,  and 
X)m  the  first  bottle  to  the  flask  ;  or,  on  the  other  hand,  if  either 
fthe  tubes  6  c . . . .,  6'c' . . . .,  should  become  clogged,  the  pressure 
ould  increase  indefinitely  in  the  apparatus,  until  one  of  the  ves- 
ds  in  front  of  the  obstruction  bursts.  This  would  usually  be 
ke  flask,  because  it  is  weaker  than  the  rest.  Both  of  these  dan- 
Itts  may  be  avoided,  by  arranging  the  apparatus  with  safety- 
iibes,  as  represented  in  Fig.  293 ;  for  then,  if  the  pressure  in 
he  bottles  or  flask  becomes  considerable,  a  portion  of  the  liquid 
riH  be  forced  out  at  these  tubes ;  or,  on  the  other  hand,  if  it  be- 
M&es  much  less  than  that  of  the  atmosphere,  air  will  bubble  in 
kiMigh  the  same  channels. 

^en  tlie  gas  is  flowing  freely  from  the  flask  through  the 
fjftratus,  and  bubbling  in  each  bottle,  it  is  easy  to  calculate 
I  heights  to  which  the  liquid  will  rise  in  the  safety-tubes, 
lee  the  tension  of  the  gas  in  the  diflerent  parts  of  this  ap- 
rstus  must  be  the  same  as  in  the  other.     For  example,  the 

isiou  of  the  gas  in  D  is  measured  by  J^  +  a""  -j-  ;   but  it 
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must  also  bo  measured  by  II,  plus  a  coluDin  of  mercury  eqm- 
alciit  to  the  column  of  liquid  h'"  in  the  safety-tube.  This 
column  of  mercury,  as  is  evident  from  what  has  beeu  said, 
is  equal  to  A"'  — ;  and  hence  we  have  A'"  -j-  =  a""  —- , 


And  in  like  manner  we  can  easily  find 

,  .  (f        ,  „  rf"       1  ,„d"'     ,  „„ct"'  i-m  1 

;.  =    .'  J    +   a"  y    +  o"y  +  O™  J,.  [111.] 

Tlic  apparatus  tliua  constructed  is  usually  called  Wooffs  appa- 
rat  lis. 

(172).   Sipfion.  —  Tlio  principle  of   tliis  well-known  instru- 
ment U  illustrated  by  Fig.  294.     The  siphon-tube  abc  is  filled 
-^  with   the   same  liquid  as  the  two  beakw* 

glasses  in  which  its  ends  are  dipped,  aod 
y  TT^^  y\i-jy       the  liquid  is  sustained  in  the  tube  by  tbc 

liquid  in  the  two  vessels  is  on  the  same  hori-' 
zontal  plane,  it  is  evident  that  the  columni, 
of  liquids  in  the  two  legs  of  the  siphon  viU 
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ve  the  same  vertical  height,  and  will  be  in  equilibrium.  If, 
wever,  the  liquid  stands  at  a  lower  level  in  one  vessel  than  in 
e  other,  as  in  the  figure,  then  the  two  columns  of  liquid  in  the 
^  of  the  siphon  will  not  have  the  same  height,  and  a  difference 
pressure  will  result,  corresponding  to  the  difference  of  level. 
In  order  to  ascertain  what  will  be  the  result  of  this  difference  of 
essure,  take  a  section  through  the  tube  at  the  highest  point,  6, 
d  consider  the  amount  of  pressure  on  the  two  faces  of  this  sec- 
>u.  On  the  face  towards  the  vessel  a,  this  pressure  is  equal  to 
B  pressure  of  the  atmosphere  (measured  by  the  height  of  the 
rometer),  or  ^  less  the  pressure  of  a  column  of  the  liquid  used 
lose  height  is  equal  to  the  difference  of  level  between  b  and  the 
rfacc  of  the  liquid  in  the  vessel  a.  Let  us  represent  tlie  height 
a  column  of  mercury  which  is  equivalent  to  that  of  the  liquid 
h^y  and  the  surface  of  the  section  by  s.  We  shall  then  have, 
r  the  pressure  on  this  surface  of  the  section,  the  value 

£  =  8{H,  —  h).  [112.] 

1  the  surface  of  the  section  towards  the  vessel  c,  we  have  for 
e  pressure  a  value 

f'=s(Ho—h',);  [113.] 

wliich  A'o  represents  the  height  of  a  column  of  mercury  which  is 
uivalent  to  a  column  of  the  liquid  used  whose  height  is  equal 
the  difference  of  level  between  b  and  c.  When  the  level  of  the 
[uid  is  the  same  in  both  vessels,  it  is  evident  that  ho^h'o.  Hence 
e  pressures  on  the  two  surfaces  arc  equal,  and,  as  already  stated, 
ere  will  be  an  equilibrium.  If  the  level  in  the  vessel  c  is  lower 
an  in  a,  then  Ao  <  A'o,  and  Hq  —  Aq  >  H  —  A'q.  There  will, 
erefore,  be  an  excess  of  pressure  in  the  direction  of  the  vessel  c 
ual  to  A'o  —  Ao,  which  will  cause  a  constant  flow  of  liquid  in 
e  direction  of  the  greatest  pressure.  This  flow  will  continue 
itil  Ao  =  A'o,  or  until  the  level  is  the  same  in  both  vessels.  If 
le  vessel  c  is  removed,  then  A'o  represents  the  height  of  a  column 
'mercury  equivalent  to  a  column  of  the  liquid  used  whose 
^t  equals  the  vertical  distance  between  the  mouth  of  the 
hd  and  b.  If  this  mouth  is  below  the  level  of  the  bottom  of 
8  vessel  o,  it  is  evident  that  Ao  can  never  equal  A'o ;  and  hence 
)  flow  in  this  case  will  continue  until  the  surface  of  the  liquid 
the  vessel  falls  below  the  mouth  of  the  tube  at  a.  It  is  evi- 
kty  that,  other  things  being  equal,  the  velocity  of  the  flow  will 


dei«nd  •?&  ibe  dzsereiMe  benreen  k\  and  h^  In  the  ordKnaif 
medicd  of  xLfi::^  x  apbom  ms  represented  in  Fig.  294,  this  iVkf- 
enoe  is  ciMiss&niLj  diminishing;  mnd  hence  tlie  velocity  of  the  flow 
is  coDSCancij  diminishing. 

The  siphi^Q  is  &?Qa«ntIj  emplojed  in  the  laboratorj  for  de- 
caniiTig  liouids.  Before  using  the  instrument,  it  is  necessary  to 
till  i;  viih  d)e  liquid  to  be  decanted.  If  tliis  liquid  is  water,  die 
siphon  is  ea<i>  dlle*i  bj  doling  the  end  of  the  short  leg  with  the 
linear,  and.  aiior  inverting  the  instrument,  by  pouring  in  water  at 
the  o:bor  end.  the  air  being  allowed  to  escape  from  the  short  leg 
br  lifting  for  a  moiaent  the  finger.  When  the  tube  is  filled,  it 
can  easily  K?  reversed,  and  the  end.  still  closed  with  tlie  finger, 
(dunged  under  ihe  liquid  in  the  Tessel ;  when,  on  removiDg  tiM  ; 


finger,  the  water  will  Ivcin  to  flow.  The  siphon  can  also  be  filled 
by  diinMuc  the  end  of  the  sln^rt  leg  in  the  liquid,  and  sucking 
out  iV.o  air  frvmi  the  other  leg  with  the  mouth.  In  the  labora- 
lory,  tlio  <::►!. on  is  frwpior.tly  used  for  decanting  corrosive  liquid; 
and  ii  is  thou  n^wss^arv  to  rvsort  to  various  contrivances  for  fill- 
ing  it.  The  one  reprt^niteri  in  Pig.  295,  which  can  easily  be 
made  of  das^  tubes  ar.d  cork,  is  one  of  the  best.  The  short  leg 
is  plunovl.  as  usual,  into  the  liquid.  The  end  of  the  long  leg  is 
then  closed  by  tlie  fini>*r.  which  can  be  protected  by  a  piece  oC 
India-ruWvr.  and  the  air  is  sucked  out  by  the  mouth  applied  at 
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be  end  of  Uie  side  tube.  As  soon  as  the  liquid  descends  into 
he  enlargement  at  the  end  of  the  long  leg,  the  finger  ia  with- 
Inwn. 

(173.)  Mariotte't  Flask.  —  It  is  sometimes  important  to  ob- 
un  with  the  siphon  a  uniform  flow  of  liquid.  This  can  be  easily 
Kored  by  means  of  the  apparatus  represented  in  Fig.  296, 
ailed  Mariotte" t  flask.  It  consists  of  a  bottle  with  two  necks, 
Bto  one  of  which  a  straight  tube,  and  into  tlie 
ther  a  bent  tube,  have  been  adjusted  air-tight, 
«tti  reaching  nearly  to  tlie  bottom  of  the  bot- 
le.  The  siphon-tube  is  filled  by  blowing  in  air 
hrough  the  straight  tube,  when  the  flow  contin- 
les  of  uniform  velocity  until  the  surface  of  the 
iqnid  in  the  bottle  has  fallen  to  the  level  bed, 
be  air  constantly  entering  tlie  bottle  by  tlie 
itnight  tube  at  b. 

It  can  easily  be  shown  that  the  flow  in  this  m  ase.   "" 

!ue  must  be  uniform  in  velocity.     Consider,  as 
Kfore,  a  section  through  the  siphon-tube  at  the  highest  point. 

The  pressure  on  the  surface  of  this  section  towards  o  is  evi- 
dently 

5'  =  sC-a— A'O;  [114.] 

ithero  h\  is  the  height  of  a  column  of  mercury  equivalent  to  a 
Column  of  the  liquid  used  whose  Height  equals  the  vertical  dis- 
t»nce  from  o  to  the  centre  of  gravity  of  the  section. 

The  surface  of  tlie  section  towards  c  is  evidently  exposed  to 
the  pressure  exerted  by  the  confined  air  on  the  surface  of  the 
liquid  in  the  bottle,  less  the  pressure  of  a  column  of  the  liquid 
vbose  height  equals  the  vertical  distance  between  this  surface 
ud  the  centre  of  gravity  of  the  section.  If  we  represent  the 
tension  of  tlie  confined  air  by  ^,  and  the  height  of  a  column 
(if  mercury  equivalent  to  tlie  column  of  liquid  by  h"a,  we  easily 
(titain  for  the  pressure  on  the  surface  of  tlio  section, 

^  =  s(fl  — A".). 

ffhen  the  apparatus  is  in  use,  and  air  is  freely  entering  through 
\  it  is  evident  that  the  pressure  of  the  atmosphere  at  b  is  bal- 
iDced  by  the  pressure  of  the  confined  air  on  the  surface  of  tlie 
iqaid,  and  by  the  pressure  of  the  column  of  liquid  above  b. 
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Representing  the  equivalent  of  this  coltunn  in  centimetres  i 
■mercury  by  A'".,  and  the  lieiglit  of  the  barometer  by  ^  we  ol 
taiu  fl;  =  ij  +  A'", ;  and  by  substitution, 

/  =  ,[fl;-(A",+  A"i)].  [115.] 

Subtracting  from  this  yalue  [114],  we  obtain 

£~£'^s  [A;—  (A",+  A-^)].  [116.] 

The  Talue  &"■-{-  A'",  represents  the  height  of  a  column  of  mcr 
cury  equivalent  to  a  column  of  the  liquid  lued  whose  heiglii 
equals  the  vertical  distance  between  c  and  the  centre  of  graritf 
of  the  section.     As  this  height  remains  constant,  and  is  indepea- 
dent  of  the  height  of  the  liquid  in  the  bottle,  it  is  evideut  that 
the  diflference  of  pressure  [116]  which  determines  the  velocitj 
of  the  flow  will  also  be  constant.    It  te  also  evident  that  the  dif- 
ference of  pressure  is  always  equal  to  a  column  of  the  Hqnid 
used  whose  heiglit  equals  the  difference  of  level  between  Aando. 
A  very  useful  application  of  Mariotte's  bottle  is  represented  is 
Fig.  207.     It  is  frequently  necessary,  ia  the  laboratory,  t«  vaiti 
for  several   hours,  or  even 
days,  a  precipitate  which  hit 
been  collected  on  a  filter, 
Tins  is  done  by  keeping  the 
filter  constantly  fiill  of  ffB^ 
ter,  which  slowly  percolates 
through  the  porous  mass  on 
the  filter,  and  washes  oiii 
everything  which  is  soluble 
Mariotte's    bottle    fumishc! 
an   automatic    machine,  b] 
whicli  the  water  in  the  A) 
ter  can  be  maintained  at ) 
constant  level.     The  dispcei 
tion  of  tlie  apparatus  is  w£ 
ciently  explained  by  the  fi% 
'"""'  nre.    The  diflference  of  lere 

between  b  and  o  is  made  very  small,  and  the  water  flows  frta 
tlie  bottle  to  the  filter,  until  the  level  rises  to  the  lower  dotte 
line  in  the  figure.  Then  the  flow  ceases,  but  recommences  t 
soon  as  the  level  falls. 
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The  principle  of  Mariotte'e  bottle 
is  also  applied  to  produce  a  utiiform 
flow  of  air  tlirough  the  tube  apparatus 
which  is  frequently  used  iu  chemical 
analysis.  Fig.  298  represents  what  is 
termed  an  aspirator  jar.  The  tube, 
which  passes  air-tight  through  the 
cork  in  the  neck,  has  a  free  communi- 
cation with  the  atmosphere,  and  the 
current  of  air  is  caused  by  the  flow  of 
water  from  the  cock  at  r.  The  veloci- 
ty of  the  flow  of  water  from  the  cock, 
other  tilings  being  equal,  depends 
upon  the  pressure  exerted  on  a  sec- 

tioQ  of  the  stopcock  ;  and  it  can  easily  be  seen  that  this  will  be 

tlie  sune  until  the  level  of  the  water  in 

liie  jar  has  falleu  below  the  mouth  of  tlie 

tnbe  V. 
(174.)    Wash-Bottle.  —  This  simple   in- 

stmmeut  (Fig.   299),  which  is  so  much 

used  in  the  laboratory,  is  one  of  the  most 

wful  applications  of  the  properties  of  gas- 

n.    By  condensing  the  air  over  the  water 

in  the  bottle,  by  blowing  in  at  the  titbe  a, 

the  liquid  is  forced  out  at  o  in  a  fine  jet, 

vhich  can  be  directed  at  pleasure. 


Machines  for  Rarefying  and  Condensing  Air. 
(175.)  The  Air-Putnp.  —  One  of  tho  simplest  forms  of  the 
Vr^ump  is  represented  in  Fig.  300.  It  cuiibists  of  a  hollow 
btass  cylinder,  in  which  a  piston  moves  readily  up  and  down  by 
*handle  attached  to  the  piston-rod  above.  The  inner  surface  of 
tie  cylinder  is  perfectly  smooth  and  true,  so  that  the  ]iiston, 
*liicb  is  formed  of  yielding  materials,  muvcs  air-tight  through 
ibvhole  course.  Moreover,  the  under  surface  of  the  piston  hts 
Oictly  the  bottom  of  the  cylinder,  so  thnt,  when  the  piston  is  in 
lie  lowest  position,  there  can  be  no  air  between  it  and  the  cylin- 
der bottom.  The  upper  end  of  tho  piston  is  closed  l>y  a  brass  cov- 
«,  through  which  the  piston-rod  passes  freely,  and  tho  atmosphere 
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has  free  access  to  tlie  upper  surfoce  of  the  piston.  The  tower  end 
of  the  cylinder  opens  into  a  narrow  tube,  which  connects,  at  on 
end,  with  the  glass  bell  on  the  plate  of  the  air-pump  through  the 


stopcock  «,  and  at  the  other,  with  tlie  atmosphere  through  ibe 
stopcock  p.  Just  below  the  bottom  of  the  cylinder  tliere  is 
placed  a  stopcock  of  peculiar  construction.  The  core  of  the 
cock  is  bored  with  two  holes,  one  of  which  has  the  same  po«tioB 
as  in  ordinary  stopcocks,  and  &s  is  shown  in  the  figure.  The  po- 
sition of  the  second  is  shown  in  t)ie  small  section  at  the  aitt- 
When  tlie  cock  has  the  position  indicat«d  in  the  mun  figuRi 
there  is  a  direct  connection  between  the  interior  of  the  cylin^W 
and  tlic  glass  bell.  If  the  cock  be  now  turned  through  ninet;  i^ 
grces,  till  it  takes  the  position  shown  in  tlie  small  section,  Uie  cod- 
uection  with  the  glass  bell  will  be  closed,  and  direct  comniuiiior 
tion  with  the  atmosphere  opened  through  the  channel  j  r.  Tin 
channel  r  m  opens  in  the  centre  of  a  round  plate  made  of  bnSi 
or,  still  better  for  chemical  uses,  of  glass.  This  plate  is  ground  » 
its  upper  surface  perfectly  plane.    Tlie  lower  edges  .of  tlie  gh* 
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ill-receivers  are  also  carefuUj  ground,  and  may  be  made  to 
[here  air-tight  to  the  plaue  bj  iuterposing  a  little  oil. 
The  principle  of  the  air-pump  can  now  be  easily  explained. 
et  us  suppose  that  the  piston  is  in  its  lowest  position,  and  that 
le  stopcock  is  in  the  position  represented  in  the  figure.  If  now 
e  draw  up  the  piston  by  the  hand,  the  air  contained  in  the  bell- 
jceiver  and  in  the  tube  connecting  it  with  the  cylinder  will 
ipand  until  it  fills  the  cylihder ;  and  its  volume  being  thus 
icreased,  its  density  will  be  proportionally  diminished.  Let  us 
eit  turn  the  stopcock  q  into  the  position  represented  in  the  sec- 
ion.  The  bell  is  thus  hermetically  closed,  but  a  connection  is 
pened  between  the  cylinder  and  the  atmosphere.  Now,  on  press- 
ig  down  the  piston,  all  the  air  in  the  cylinder  will  be  forced 
ito  the  atmosphere.  The  stopcock  may  then  be  turned  back 
)  its  first  position,  and  the  same  motion  repeated,  which  will  fur- 
ler  rarefy  the  air  in  the  bell ;  and  thus  the  process  may  be  con- 
nued  until  the  required  degree  of  exhaustion  is  obtained. 
(176.)  Degree  of  Exhaustion.  —  It  is  obvious  that  the  effect 
f  the  air-pump  depends  upon  the  expansive  force  of  air,  and 
lat  each  motion  of  the  piston  is  accompanied  with  a  certain 
nouiit  of  expansion  of  the  air  in  the  bell.  This  amount  is  evi- 
?ntly  determined  by  the  size  of  the  cylinder,  as  compared  with 
lat  of  tlie  bell  and  the  tube  leading  to  it.  With  these  data,  we 
111  easily  calculate  the  degree  of  exhaustion  after  each  stroke 
'  the  piston. 

Let  us  then  represent  the  volume  of  the  bell-receiver  and  of  the 
ibe  coimecting  it  with  the  cylinder  by  V;  and  that  of  the  cylin- 
)T  itself,  when  the  piston  is  at  its  highest  position,  by  v.  Let  us 
ippose  that  the  piston  starts  from  its  lowest  position,  and  let  us 
ke  the  quantity  of  air  contained  in  the  receiver  and  the  tube  as 
uty.  When  now  the  piston  is  raised,  the  volume  occupied  by 
is  quantity  of  air  (taj^en  as  unity)  becomes  F  -f-  v.  Wlien  the 
»pcock  is  turned  and  the  piston  lowered,  the  volume  v  is  ex- 
lied,  which  is  a  portion  of  the  original  quantity  (or  unity) 

>resented  by  Yrrr  •     ^^^  piston  is  now  in  its  initial  position, 

i  the  quantity  of  air  remaining  in  the  receiver  and  tube,  after 
I  first  stroke,  is 
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Reversing  the  stopcock,  and  raising  again  the  piston,  this  quan- 
tity of  air,  y.     ,  occupyuig  the  volume  F,  expands  to  the  yoI- 

ume  F+  V.     When  the  piston  descends,  the  volume  v  is  ex- 

V  V  vV 

pelled,  which  is  w  ■      of  the  whole,  or  of  -jj^, — ;  that  is,  rrrrj 

V-\-v  '  V-\-v  v^tT 

of  unity.     There  remains,  therefore,  after  the  second  stroke, 

^  '  [118.] 


At  the  third  stroke  of  the  piston,  the  same  proportion  of  the  air 
now  remaining  is  expelled  as  before ;  and  there  is  consequently 
left,  after  the  third  stroke, 

F2  V  F2  T's 


In  like  manner  there  will  remain,  after  the  wth  stroke, 

yn-l  J,    jrn-\  yn 


[119.] 


[120.] 


(  F+r)"  - '  (  F+  r)"  (  F+  r)-  * 

If,  for  example,  the  volume  of  tlic  receiver  is  equal  to  ten  litres, 
and  that  of  the  cylinder  to  one  litre,  we  shall  have,  for  the  amount 

IQ50 

of  air  left  after  the  fiftieth  stroke,  yvso  ==  0.0085   of  the  original 

quantity. 

Since  the  value  of  [120]  never  can  become  zero  until  »  =  0C) 
it  is  evident  that  we  can  never,  even  theoretically,  by  means  of 
the  air-pump,  exhaust  the  whole  of  the  air.  Nevertheless,  theo- 
retically we  ought  to  be  able  to  approach  a  perfect  vacuum  in- 
definitely by  continuing  the  process  for  a  sufficiently  long  time. 
Practically,  however,  the  limit  is  soon  reached  ;  and  even  with 
the  hQ<t  pumps,  we  can  never  obtain  a  degree  of  exhaustioa 
greater  than  that  when  luWth  of  the  original  quantity  of  air  is 
left  in  the  receiver.  It  is  not  difficult  to  explain  the  cause  of  the 
discrepancy  between  the  theoretical  and  the  practical  results. 

In  any  machine,  however  well  made,  there  must  be  a  number 
of  joints  which  are  never  absolutely  hermetical.  There  are  fre- 
quently^ even  in  the  metal  itself,  imperceptible  pores  which  trans- 
mit air.  During  the  first  few  strokes  of  the  piston,  this  minute 
leakage  produces  no  perceptible  effect ;  but  when  we  attain  a  high 
degree  of  exhaustion,  the  air  enters  by  these  minute  crevices  tf 
fast  as  we  can  remove  it  by  the  pump. 
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at  besidM  this  imperfectton,  the  capability  of  'the  instrument 
mited  in  still  another  way.  In  calculating  the  degree  of  ex- 
jtion,  WB  supposed  that  at  each  descent  of  the  pistob  the 
le  of  the  air  vaS  expelled  from  the  cylinder ;  and  this  would 
tie  case,  if  the  bfiise  of  the  piston  adhered  exactly  to  the  base 
le  cylinder.  lu  practice,  howerer,  there  is  never  an  absolute 
sion ;  and  a  smalt  amount  of  air  remains  between  the  two, 
:h  no  force  applied  to  the  piston  is  able  to  expel.  When, 
efore,  after  working  the  pump  for  some  time,  this  email 
unt  of  air,  expanded  through  the  whole  interior  of  the  cylin- 

exerts  a  pressure  equal  to  that  of  the  air  remaining  iu  the 
iTor,  it  is  evident  that  the  urfrom  the  receiver  can  no  longer 
ind  into  the  cylinder,  and  tlie  pump  will  cease  to  exhaust. 

although  a  perfect  vacuum  can  never  be  obtained  with  an 
>ump,  yet  a  sufficient  degree  of  exhaustion  for  all  practical 
loses  is  easily  attuned. 


77.)  Air-Pump  with  Valves.  —  The  form  of  air-pump  de- 
ed in  (175)  is  exceedingly  simple  in  its  construction,  and  not 
!  to  get  out  0  order.    It  is  tlierefore  well  adapted  for  use  in 
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the  cbemist^s  Idboratory,  where  it  is  exposed  to  vapors  wh 
likelj  to  injure  anj  delicate  valYes.  It  is  open,  however, 
serious  objections.  In  the  first  place,  the  stopcock  q  u 
turned  bj  the  hand  at  each  stroke  of  the  piston ;  and  al 
this  motion  may  be  obtained  by  means  of  cranks  and  leT< 
ibis  machinery  renders  the  instrument  unnecessarily  comp 
In  the  second  place,  the  piston  must  be  raised  through  th( 
length  of  each  stroke,  against  a  great  pressure  of  air, 

rapidly  increases 
exhaustion    proce( 
objection  which  wc 
very  serious  in  a 
pump,  rendering  i 
force    necessary  t 
it.     Both  of  these  ( 
ties  are  overcome 
pump  represented 
801.     A   section 
pump   is   reprcser 
Fig.  302,  and  tbc 
of   the    upper    va 
Pig.  303. 

In  this  air-pum 
are  tliree  valves,  a 
ing  upwards :  one 
bottom  of  the  c 
covering  the  mc 
the  tube  conneetii 
the  receiver  (a  \ 
302);  one  at  the 
the  piston,  6,  covei 
holes  perforated  i 
it;  and,  finally,  on 
top  of  the  cylinder 
ering  the  aperture  which  opens  into  the  atmosphere.  The 
rod  passes  through  a  packing-box,  6,  in  which  it  moves  a 
and  the  power  is  applied  to  the  piston-rod  by  means  of 
which  facilitates  the  working  of  tlie  pump.  Let  us  n 
pose  that  we  start  with  the  piston  at  the  bottom  of  tlie  c 
and  proceed  to  raise  it.     The  air  from  the^eceiver  < 


Fig.  302. 
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ito  ihe  empty  space  thus  formed  in  the  cylinder,  raising  the 

iIyq  a.    As  now  the  piston  descends,  the  valve  a  closes  and 

revents   the    air    from    re- 

iming  to  the  receiver ;  and 

lis  air  passes  up,  through 

le  holes  in  the  piston,  into 

le  upper  part  of  the  cylin- 

3r,    raising    the    valve    d. 

Then  next  the  piston  rises, 

lis  same  air,  now  in  the  up-  *Ur.  808. 


3r  part  of  the  cylinder,  is  forced  out  into  the  atmosphere  by  rais- 
ig  the  valve  c.  At  the  same  time,  a  fresh  amount  of  air  from 
le  receiver  expands  into  the  space  below  the  piston,  which  air  is 
»rced  out  by  the  next  stroke  at  the  valve  c,  as  before,  and  thus 
mtinuously. 

It  is  evident  from  the  construction,  that,  as  the  piston  rises,  the 
It  above  it  is  gradually  condensed,  and  the  valve  c  does  not  open 
Qtil  the  density  of  the  air  is  equal  to  that  of  the  atmosphere, 
uring  the  first  few  strokes,  the  force  required  to  raise  the  piston 

considerable  ;  but  as  the  exhaustion  proceeds,  the  effort  neces- 
irj  becomes  less  and  less,  until  at  last  only  sufficient  force  is 
jquired  to  overcome  the  friction,  and  a  sudden  pressure  at  the 
id  of  the  stroke  to  expel  the  air  condensed  at  the  top  of  the 
jrlinder.  In  pumps  like  the  one  represented  in  Fig.  300,  the 
le  of  the  piston  and  cylinder  is  necessarily  very  limited ;  be- 
luse,  if  the  area  of  the  piston  exceeds  a  very  limited  extent,  the 
ressure  of  tlie  air  on  the  upper  surface  becomes  so  great,  as  the 
ihaustion  proceeds,  as  to  require  an  impracticable  amount  of 
irce  to  work  the  pump.  With  pumps  of  the  construction  ju^t 
Jscribed,  this  pressure  is  in  great  measure  removed  ;  and  it  is 
Jffiible  to  increase  very  greatly  their  size  advantageously.  Fig- 
«  304  is  a  representation  of  a  large  air-pump  of  this  descrij)- 
>n,  made  by  Ritchie,*  of  Boston.  The  piston  is  10  c.  m.  in 
uneter,  and  the  length  of  the  stroke  26  c.  m.  The  ground 
iss  plate  is  37  c.  m.  in  diameter,  and  admits  of  as  large  a  bell- 
»iver  as  can  be  readily  made.  The  efficiency  of  the  pump 
pends  in  great  measure  upon  the  valves.     These  are  best  made 


Tbe  two  repretentatioiis  of  air-pamper  Fig.  SOl  and  Fig.  304,  are  from  the  cata- 
m  of  Mr.  E.  8.  Ritchie,  a  yery  expert  philosophical-instrument  maker  of  Boston. . . 
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of  delicate  oil-silk.    The  details  of  the  upper  vaive  of  die  pi 
as  made  by  Bitcliie,  are  sliown  in  Fig.  SOS.    The  (nl-nlk  dia 


is  kept  in  its  place  by  the  pin  b,  and  the  Thole  is  protected  bj 
dome-shaped  covoriiig  c  d.  The  tube  at  the  side  discharges 
wr,  and  the  oil  which  escapes  with  it  is  conducted  into  a  n 
voir  placed  below  the  basement  of  the  pump.  This  pun 
furnished  with  a  manometer  similar  in  principle  to  the  one  n 
sented  in  Fig.  272,  by  which  the  degree  of  exhaustion  cai 
ascertained.  It  is  represented  iu  the  figure  on  the  left-hand 
of  tlie  pump. 

Besides  those  already  enumerated,  there  is  obviously  anc 
limit  to  the  degree  of  exhaustion  which  can  be  obtained 
this  pump.  This  arrives  when  the  elasticity  of  the  air  left  ii 
receiver  is  insufficient  to  raise  the  lower  valve  o,  Fig.  302. 
order  to  overcome  this  difficulty,  the  lower  valve  in  the  Fp 
form  of  air-pump*  is  opened  and  shut  mechanically.     Bal 


*  FoT  ■  dew:Tiplioii  of  ttue  French  form  of  ■ii>p<unp,  m 
on  phj^ct. 


■njof  tbe  French 
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farther  improved  the  French  air-pump,  by  so  connecting 

barrels  that,  after  a  certain  degree  of  exhaustion  has 
ained,  the  second  is  made  to  exhaust  the  first.  There 
10  doubt  that  a  higher  degree  of  exhaustion  can  be  ob- 
rith  the  French  pump,  thus  arranged,  than  with  the  pump 
cribed  ;  but  this  gain  is  liardly  compensated  by  the  greater 
:ity  and  consequent  liability  to  derangement,  more  espe- 
ince  a  su£Bicient  degree  of  exhaustion  for  all  practical 
s  can  be  obtained  without  these  complications. 
)  Condensing'Pump.  —  This  instrument  is  just  the  re- 
r  the  air-pump,  and  it  is  used  for  increasing  the  density 
u  a  receiver,  while  the  air- 
used  for  diminishing  it.  Any 
p  may  be  converted  into  a 
;ing-pump  by  changing  the 
n  of  all  the  valves.  For  ex- 
we  may  use  the  pump  repre- 
in  Fig.  300  as  a  condensing- 

Starting  with  the  piston  at 
;om  of  the  cylinder,  we  give 
>cock  the  position  represented 
ection  at  the  side.  Then,  on 
tlic  piston,  the  air  enters  at  v 
5  the  cylinder.  We  now  tuni 
;k  into  the  second  position, 
)n  pushing  down  the  piston, 
•  is  forced  into  the  receiv- 
5  can  then  reverse  the  stop- 
id  repeat  the  process,  until 
uired  degree  of  condensation 
ined.      Instead,  however,  of 

the  receiver  on  the  brass 
s  before,  we  screw  it  on  bc- 
he  stopcock  p,  opening  this 
ic,  and  closing  the  stopcock  u. 
most  convenient  form  of  con- 
-pump  for  the  laboratory  is 

ited  in  Fig.  305.  It  consists  of  a  cylinder,  and  a  piston, 
is  moved  by  the  handle  M.  The  two  valves,  which  are 
the  bottom  of  the  cylinder,  are  represented  in  section  in 


Fig.  905. 
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Fig.  S06.    The;  are  made  to  fit  exactly  ths  conical  opotai 
the  bottom  of  the  cylinder,  and  arB  kept  in  plioe  l^Ttiji^ 


spiral  springs.  When  the  piston  rises,  tlio  ralre  A  open 
admits  the  air  through  the  tube  c  a  into  tlic  cylinder.  On 
other  hand,  when  the  piston  descends,  the  valre  A  closet, 
B  opens,  and  the  air  is  forced  out,  through  the  tube  bd,  intoi 
receiver  pliiced  at  (/.  It  is  evident,  that  if  two  receivers  are 
iicctcd  with  the  pump,  one  at  c  and  the  other  at  d,  (he  tir 
Ikj  exlituit'h.-d  from  one  and  condensed  in  the  other,  Tlic  p 
may,  therefore,  bo  used  either  for  condensing  or  rarefyiiif. 
using  the  pump,  it  is  fastened  firmly  lo  a  table,  orsometfii 
solid  siip]K)it,  and  the  handle  M  is  moved  up  and  do»n  sltS 
nately  with  the  two  hands. 

This  simple  machine  is  sufficient  for  almost  all  purposes.  B 
liowever,  u  more  powerful  apparatus  is  required  for  coinieno^ 
gases  into  lai^c  reservoirs,  it  is  best  not  to  increase  the  size  of  ■ 
pump;  but  to  combine  several  cylinders,  connecting  them  all™ 
the  same  receiver.  The  piston-rods  of  all  these  cyliiideiscan" 
united  by  cranks  to  one  axis,  and  a  handle  connected  wlh  • 
flj-wbecl  can  he  used  to  give  this  axis  a  regular  and  unifoi* 
motion. 

(170.)  Water- Pump.  —  Entirely  analogous  in  its  princijJe fc 
the  air-pump  is  the  common  water-piimp,  a  glass  model  of  wlw 
is  reproscnted  in  Fig.  ."lO",  It  cnnsistA  also  of  a  hollow  cylinte 
in  which  moves  a  piston,  B.  It  has  two  valves,  both  openingi^ 
wards  ;  one  at  the  bottom  of  the  cylinder,  covering  the  mouth' 
the  tube  leading  to  the  water  of  the  well,  and  the  other  at  d 
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piston,  coveriiig  tl}e  hole  with  which  it  is  pierced.    If 
uid  valves  are  sufficiently  tight,  thie  pump  -will  act  as 
p,  and  on  moving  the  piston  by  the  handle  P  altera 
ind  down,  it  vill  ex- 
lir  from  the  tube  A. 
the  end  of  the  tube 

water,  the  pressure 
-ill  force  up  the  water 
Is  both  the  tube  and 
iT  below  the  piston, 
towering  the  piston, 
in  the  cylinder  will 
Ive  o,  and  pass  above 

Afterwards,  on  rais- 
iton,  this  water  will 
i  discharged  into  the 
le  a  fresh  quantity  of 
bo  forced  up  by  the 
:  pressure  through 
S.  T1)us,  at  each 
iG  piston,  a  quantity 

lifted  equal  to  the 
the  cylinder  less  the 
;upied  by  the  piston 
^he  piston  and  valves  n(.soT. 

cieutly  tight  to  pump 

they  caa  be  made  so  by  pouring  a  little  water  into 

Tliis  is  what  is  called  the  drawing  of  water,  and  tlie 
of  this  well-known  process  is  evident. 
I  from  this  description,  that  the  pump  will  not  work,  if 
of  the  piston,  in  its  highest  position,  is  over  ten  metres 
>Tel  of  the  water  in  the  well ;  and  it  was  an  attempt 
oreutine  engineers  to  raise  water  in  the  suction-tube 

above  tliis  height,  which  led  to  the  discovery  of  the 
the  atmosphere.  On  account  of  tlie  imperfections  of 
nd  piston,  a  pump  will  seldom  work  in  practice  liigher 
nctres.  The  height  of  the  tube  C,  in  which  the  water 
the  piston,  may  be  very  considerable,  and  the  whole 
ugh  which  the  water  is  raised  by  the  pump  is  fre- 
f  much  over  ten  metres ;  but  the  difficulty  of  working 
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a  pump,  and  keeping  it  in  order,  increases  Terj  rapidly  with  tfao 
height  of  the  cohimn  of  water  which  is  lifted. 

PBOBLEBfS. 

Unless  otherwhe  slated,  tketemperatifftmatttksJiMewmgpniUemsisioU^ 
and  the  height  of  the  harometer  of  76  c.  m. 

Weight  of  a  Bodg  in  Air, 

176.  A  mass  of  metal,  whose  Sp.  Or.  =  11.85,  weighs  Oil75  gramme 
in  a  vacuum.     How  many  milligrammes  will  it  lose  when  weighed  in  air? 

177.  A  brass  weight  {Sp.  Gr.  =  8.55)  weighs  in  a  Tacaum  one  kik>- 
.  gramme.     How  many  milligrammes  does  it  lose  when  weighed  in  air? 

178.  A  body  loses  in  carbonic  acid  gas  1.15  gramme  of  itswdght 
What  would  be  the  loss  of  its  weight  in  air  and  in  hydrogen  ? 

179.  A  body  loses  7  grammes  of  its  weight  in  air ;  how  much  of  ill 
weight  would  it  lose  in  carbonic  acid  and  in  hydrogen  ? 

180.  What  is  the  weight  of  hydrogen  contained  in  a  glass  globe  iriiocs 
surface  is  equal  to  10  m^'  ? 

181.  A  glass  globe  from  which  the  air  has  been  exhausted  veigU 
254.735  gram.  When  full  of  air,  it  weighs  289.621  gram.  Wha 
full  of  another  gas,  808.078  gram.  What  is  the  capacity  of  the  f^ 
and  what  is  the  specific  gravity  of  the  gas  ? 

182.  A  glass  globe  30  c.  m.  in  diameter,  filled  with  air,  and  henneti" 
cally  sealed,  is  balanced  in  the  atmosphere  by  brass  weights  amounting  to 
356.225  gram.  How  much  would  it  weigh  in  a  vacuum  ?  How  mock 
would  the  globe  weigh  in  a  vacuum,  if  it  were  opened  so  that  the  air 
could  be  exhausted  from  the  interior?  Sp.  Or.  of  brass  8.55,  and  of 
glass  3.33. 

183.  A  glass  globe  hermetically  sealed  weighs  in  the  air  25.236  granii 
and  gains  in  a  vacuum  0.632  gram.     What  is  its  diameter  ? 

Buoyancy  of  Air. 

184.  What  is  the  ascensional  force  of  a  balloon  one  metre  in  diameta;^ 
three  quarters  filled  with  hydrogen,  when  the  balloon  itself  weighs  ooB 
hundred  grammes  ? 

185.  Calculate  the  ascensional  force  of  a  spherical  balloon  made  of 
prepared  silk  and  filled  with  impure  hydrogen,  knowing  that  the  bal- 
loon itself  weighs  63,620  gram.,  that  the  prepared  silk  weighs  250  graft 
the  square  metre,  and  that  a  cubic  metre  of  impure  hydrogen  weighs  IM 
gram. 

186.  What  would  be  the  ascensional  force  of  a  spherical  balloon  fiem. 
metres  in  diameter,  two  thirds  filled  with  hydrogen,  when  the  baUoon  ut 
attachments  weigh  twenty  kilogrammes  ? 
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187.  The  material  of  a  balloon  containing  1229  c.  m.*  weighs  1.5  gram. 
Ite  balloon  is  filled  with  hydrogen,  whose  specific  gravity  referred  to 
'ater  is  0.00009003.  The  specific  gravity  of  the  surrounding  air  is 
0013105.    Will  the  balloon  rise  in  the  atmosphere  ? 

188.  The  material  of  a  spherical  balloon  and  its  attachments  weighs 

00  kilogrammes.  This  balloon  is  15  m.  in  diameter,  and  is  three 
surths  filled  with  gas  whose  specific  gravity  equals  0.0005.  The  specific 
ymty  of  the  surrounding  air  is  0.0013.     What  is  the  ascensional  force 

1  the  balloon  ? 

Barometer, 

189.  When  the  surface  of  a  column  of  mercury  in  a  barometer  stands 
U  76  centimetres  above  the  mercury  in  the  basin,  with  what  weight  is  the 
Umosphere  pressing  on  every  square  centimetre  of  surface  ?  Sp.  Gr,  of 
neitury  =  13.596. 

190.  To  what  difference  of  pressure  does  a  difference  of  one  centi- 
netre  in  the  barometric  column  correspond  ? 

191.  When  the  water  barometer  stands  at  ten  metres,  what  is  the 
iressure  of  the  air  if  the  temperature  is  4°  ? 

192.  How  high  would  an  alcohol  barometer,  and  how  high  a  sulphuric- 
dd  barometer,  stand  under  the  same  circumstances,  disregarding  in  each 
ase  the  tension  of  the  vapor  ?  Sp.  Gr,  of  alcohol  =  0.8095  ;  Sp.  Gr. 
i  salphuric  acid  =  1.85. 

193.  When  the  mercury  in  a  barometer  stands  75.2  c.  m.,  with  what 
rdgfat  is  the  atmosphere  pressing  on  every  square  centimetre  of  surface  ? 
iow  high  would  barometers  stand  under  the  same  circumstances,  filled 
Hth  liquids  of  the  following  specific  gravities,  viz.  1.12,  1.45,  2.36,  3  ? 

194.  When  the  mercury  barometer  stands  at  76  c.  m.,  what  must 
K  the  length  of  a  water  barometer  inclined  to  the  horizon  at  an  angle 
if  30^? 

195.  If  a  barometer,  having  its  lower  end  immersed  in  a  basin  of  mer- 
itrj,  be  suspended  from  the  beam  of  a  balance,  and  weighed,  is  its  weight 
^red  by  weighing  it  again  when  inverted  and  containing  the  same 
^tity  of  mercury  as  before  ? 

Pressure  of  the  Atmosphere. 

196.  When  the  barometer  stands  at  76  c.  m.,  how  great  is  the  pres- 
re  of  the  air  upon  a  plane  surface  having  an  area  of  one  square 
!(re? 

197.  The  body  of  a  man  of  ordinary  stature  exposes  a  surface  of  about 
t  square  metre.  How  great  a  pressure  does  the  body  sustain  when  the 
Nxmeter  stands  at  72  c  m.  ?  If  the  barometer  rises  to  78  c  m.,  how 
sat  is  the  increase  of  pressure  ? 

29 
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198.  When  the  harometer  stands  at  72  c  m.,  how  great  is  the  fm^ 
sore  of  the  air  on  a  sphere  whose  radius  is  eqoal  to  6675  cm.? 

199.  When  the  barometer  stands  at  76  c.  m.,  what  is  the  pressure  cfr; 
erted  in  the  vertical  direction  on  a  sphere  125  c  m.  in  diameter? 

Afanotte*s  Law, 
In  all  them  problems  the  law  igtobe  regarded  cm  invariahU. 

200.  A  volume  of  hydrogen  gas  was  measured  and  found  to  he  tffi. 
to  2o0  cTm.^    The  height  of  the  barometer,  observed  at  the  same  time, 
74.2  c.  m.     What  would  have  been  the  volume  if  observed  when  the 
romcter  stood  at  76  cm.?     What  would  be  the  volume  at  an  eleTatuoil 
which  the  barometer  stands  at  56  c  m.  ? 

201.  A  volume  of  nitrogen  gas  measured  756  cm.*  when  the 
stood  at  77.4  c.  m.     What  would  it  have  measured  if  the 
had  stood  at  76  c  m.  ? 

202.  A  volume  of  air  standing  in  a  bell-glass  over  a  mercuiypnei 
trough  measured  5G8  c.  m.^     The  barometer  at  the  time  stood  st  7 
centim.,  and  the  surface  of  the  mercury  in  the  bell  was  found,  bj 
urement,  to  be  6.5  c.  m.  above  the  surface  of  the  mercury  in  the 
What  would  have  been  the  volume  had  the  air  been  exposed  to  the 
sure  of  76  cm.? 

203.  A  volume  of  air  standing  in  a  tall  bell-glass  over  a  mercoiy 
matic  trough  measured  78  cTm.'     The  barometer  at  the  time  stood  at  7 
c.  m.,  and  the  mercury  in  the  bell  at  57.4  c  m.  above  the  mercoiy 
the  trough.     What  would  have  been  the  volume  had  the  pressure  beet|] 
76  c.  m.  ? 

204.  What  would  be  the  answers  to  the  last  two  problems,  had  4a 
pneumatic  trough  been  filled  with  water  instead  of  mercury  ? 

205.  The  specific  gravity  of  air  at  0°  and  76  c.  m.  referred  to  water 
is  0.00129206.  What  is  the  specific  gravity  when  the  barometer  standi 
at  the  following  heights,  viz.  72.65  c  m.,  74.23  c  m.,  75.54  c  ffl, 
77.82  c  m.  ? 

206.  The  specific  gravity  of  carbonic  acid  gas  at  0**  and  76  cm.  f^ , 
ferred  to  water  is  0.00196663.     What  is  the  specific  gravity  when  the 
barometer  stands  at  the  heights  given  in  the  last  problem  ? 

207.  A  glass  globe  10  c  m.  in  diameter  hermetically  sealed  weigl* 
45.120  gram,  when  the  barometer  stands  at  74.5  c  m.  What  wooM  ^ 
weigh  if  the  barometer  stood  at  76  c.  m.  ? 

208.  A  glass  globe  hermetically  sealed,  30  c.  m.  in  diameter,  suspenW  '\ 
to  one  pan  of  a  balance,  is  poised  by  325.422  grammes  in  brass  weighs 
when  the  barometer  stands  at  76.21  c  m.  After  several  hours  it  is  fiw«^ 
to  have  lost  in  weight  0.022  gram.  What  is  now  the  height  of  the  bar 
rometer,  supposing  the  temperature  not  to  have  changed?  Sp.  &•<' 
brass  8.55. 
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ass  globe  hermetically  closed  was  found  to  weigh  354.567 
the  barometer  stood  at  73  c  m.,  and  to  weigh  353.917 
the  barometer  stood  at  77  c.  m.     What  is  the  diameter  of 

sLss  globe  25  c  m.  in  diameter  contains  how  many  grammes 
eit  the  following  pressures,  viz.  72.2  c  m.,  74.6  c.  m.,  76  c.  m., 

glass  globes  are  connected  by  a  tube  in  which  there  is  a 
the  first  globe  there  are  250  cfm.^  of  air  at  a  tension  of  2  c.  m. 
i,  340  c.  m.*  of  air  at  a  tension  of  10  c.  m.  After  opening 
what  will  be  the  tension  in  both  globes  ? 
m  exhausted  jar  having  a  capacity  of  60  litres  there  have 
30  litres  of  nitrogen  at  the  pressure  of  72  c.  m.,  15  litres  of 
e  pressure  of  64  c  m.,  and  5  litres  of  carbonic  acid  gas  at 
3f  78  c  m.  What  is  the  elastic  force  of  the  mixture  ? 
ss  globe  contains  8.548  gram,  of  air.  It  is  afterwards  filled 
8  of  nitrogen  whose  Sp.  Gr,  =  1.52,  that  of  air  being  unity, 
veight  of  the  gas,  Ist.  when  the  tension  of  the  two  gases  is 
when  the  tension  of  the  air  is  76  c.  m.  and  that  of  the  pro- 
ogen  78  c.  m.  ? 

IS  globe  weighs,  when  completely  empty,  152.475  gram. ;  full 
^hs  168.386  gram.,  and  full  of  another  gas,  157.235  gram. 
)p.  6r.  of  the  gas,  supposing  the  pressure  the  same  at  all  the 
Also,  what  correction  must  be  made  if  the  pressure  was  76 
!ie  weighing  of  the  globe,  77  c.  m.  during  the  weighing  of  the 
m.  during  the  weighing  of  the  gas  ?  The  tension  of  the  air 
3  balloon  is  supposed  to  be  76  c  m.,  and  the  temperature  is 
triable  at  0®. 

Atmosphere, 
\g  prohiemt  may  he  wived  by  Diibineft  formtda.     See  note  to  page  304. 
the  difference  of  level  of  two  stations  from  the  following: 


o 


f  barometer  at  lower  station  reduced  to  0®  C,     755  m.  m. 
ture  of  air         "  "  15''  C. 

f  barometer  at  upper  station  reduced  to  0®  C,     695  m.  m. 
ture  of  air         "  "  10°  C. 

the  difference  of  level  of  two  stations  from  the  following 

r  barometer  at  lower  station  reduced  to  0°  C,     730  m.  m. 
ture  of  air         "  "  20°  C. 

f  barometer  at  upper  station  reduced  to  0°  C,     635  m.  m. 
ture  of  air         "  "  15°  C. 

the  height  of  Mount  Washington  above  sea  level  from  the 
nrations  of  Prof.  Arnold  Guyot,  Aug.  8,  1851,  4  P.  M. :  — 
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Height  of  barometer  at  Gorham  redaoed  to  0^  C^  740.70  m.  m. 

Temperature  of  air  at  Grorham,        ...        .  22®.25 
Height  of  barometer  near  the  sammit  of  Mount 

Washington  reduced  to  0^  C,       .        .        .  008.93  m.  m. 

Temperature  of  air  at  summit,     ....  10® .30 

Barometer  at  Grorham  above  sea  level,     .        .  251  m. 

Air-Pump. 

218.  The  capacity  of  the  cylinder  of  a  pump  is  one.tenth  of  that  of  the 
receiver.  What  will  be  the  tension  of  the  air  in  the  receiver  after  1, 2,  % 
4,  5.  10.  and  40  strokes  of  the  piston,  the  original  tension  being  76  cm.? 

219.  The  capacity  of  the  cylinder  of  a  pump  is  one  third  of  theci- 
pacity  of  the  receiver.  Aft«r  how  many  strokes  of  the  piston  will  the  ten- 
sion of  the  air  in  the  receiver  be  reduced  to  ^hjs  ^^  ^^  primitive  amount? 

220.  If  the  air  in  the  receiver  of  an  air-pump  is  by  two  strokes  of  the 
piston  made  four  times  rarer  than  it  was  at  first,  what  is  the  ratio  of  the 
capacity  of  the  receiver  to  that  of  the  barrel  ? 

221.  If  in  an  air-pump  the  density  before  is  to  the  density  after  three 
strokes  of  the  piston  as  35  is  to  8,  determine  the  ratio  of  the  capacity 
of  the  receiver  to  that  of  the  barreL 

222.  If,  in  an  air-pump  similar  in  construction  to  Fig.  300,  an  inteiral 
be  left  between  the  piston  and  the  base  of  the  cylinder  at  the  lowest  pos- 
sible position  of  the  piston,  determine  the  density  of  the  air  in  the  re- 
ceiver after  n  strokes  and  after  an  infinite  number. 

223.  The  piston  of  a  common  pump  is  6  cm.  in  diameter,  and  the 
vertical  height  of  the  mouth  fi*om  the  surface  of  the  water  in  the  well  is 
6.250  m.  How  great  is  the  intensity  of  the  force  required  to  raise  the 
piston,  assuming  that  there  is  no  gain  by  leverage  ?  Is  there  any  gain 
in  power  ip  the  use  of  a  pump  over  a  bucket  in  raising  water? 

224.  What  are  the  conditions  under  which  the  common  pump  will  not 
draw,  when  the  piston  does  not  descend  to  the  fixed  valve  ? 

225.  If  a  body  when  placed  under  the  receiver  of  a  given  air-pump 
weighs  a  gram.,  and  after  n  strokes  weighs  b  gram.,  determine  the  weight 
of  the  body  in  a  vacuum ;  and,  suppasing  the  specific  gravity  of  the  body 
known,  determine  the  specific  gravity  of  the  air  in  the  receiver  at  first 

MisceUaneotis, 

226.  A  cylinder,  the  height  of  which  is  6  c  m.  and  the  radius  of  the 
base  1  c.  m.,  is  filled  with  atmospheric  air.  To  what  depth  will  a  piston 
sink  in  the  cylinder  which  weighs  10  kilogrammes?  To  what  depth 
would  it  sink  if  it  weighed  1000  kilogrammes  ? 

227.  In  the  cylinder  described  in  the  last  example,  a  pbton  is  forced 
down  2  c.  ra. ;  determine  the  pressure  of  the  confined  air.  Determine 
also  the  pressure  of  the  air  when  it  is  forced  down  5.64  c  m. 


1 

3 


THE  THREE  STATES  OF  MATTER.  341 

228.  Calculate  the  total  weight  of  the  atmosphere  in  kilogrammes,  sup- 
osiog  the  height  of  the  barometer  76  c.  m.,  and  the  radius  of  the  earth 
onsidered  as  a  sphere  equal  to  6,366  kilometres.  Calculate  also  the 
olame  of  an  equivalent  mass  of  gold,  knowing  that  the  a^.  Chr,  of  gold 
=  19.363,  and  that  of  mercury  =  13.596. 

229.  If  the  altitude  of  the  mercury  in  a  barometer  placed  in  an  ordi- 
naiy  diving-bell  be  obsel^^ed  at  the  beginning  and  end  of  a  descent,  deter- 
mine the  depth  descended. 

280.  Determine  the  tension  of  the  rope  by  which  an  iron  diving-bell 
is  suspended  at  any  depth  below  the  surface. 

2S1.  If  a  cylindrical  tube  152  cm.  long  be  half  filled  with  mercury, 
and  then  inverted,  determine  how  high  the  mercury  will  stand  when  the 
barometer  stands  at  76  c  m. 

232.  Having  given  the  quantity  of  air  lefl  in  a  barometer  tube  be- 
fore immersion,  find  the  height  at  which  the  mercury  is  supported  after 
muDeKitMi. 

233.  If  in  an  imperfectly  filled  barometer  tube,  of  which  the  length  is 
80 cm.,  the  mercury  stands  at  74  c.  m.,  when  in  a  well-filled  tube  it 
ituds  at  76  c.  m.,  determine  at  what  height  it  will  stand  in  the  imperfect 
ooe  when  it  stands  at  70  in  the  perfect  one. 

234.  Two  barometers  of  the  same  given  length,  (  being  imperfectly 
lilled  with  mercury,  are  observed  to  stand  at  the  heights  H  and  IP  on 
one  day,  and  h  and  h!  on  another.  Determine  the  quantity  of  air  left  in 
each,  supposing  the  temperature  invariable. 

235.  A  bell  partly  filled  with  gas  is  standing  over  a  pneumatic  trough. 
Its  interior  diameter  is  6  c  m. ;  its  weight,  one  kilogramme ;  and  the  level 
of  the  mercury  in  the  bell  is  22.8  c.  m.  above  the  level  of  the  mercury  in 
tbe  trough.  Neglecting  the  weight  of  the  gas,  how  much  force  in  grammes 
s  required  to  sustain  the  bell  in  its  pos^ition,  supposing  that  no  portion 
Bps  under  the  mercury,  and  that  the  temperature  is  at  0°  ? 

236.  A  body  pf  known  specific  gravity  is  floating  between  two  immis- 
^ble  fluids,  whoee  specific  gravities  are  also  given.  Determine  the  por- 
ion  immersed  in  each. 

237.  A  cylinder  of  known  specific  gravity  and  magnitude  floats  with 
ts  axis  vertical  in  a  vessel  of  water.  What  will  be  the  effect  of  remov- 
ng  the  atmospheric  pressure  ? 

238.  An  hydrometer  similar  to  Fig.  248  is  divided  into  150  parts  of 
H|oal  capacity,  and  so  constructed  that  when  in  vacuo  it  sinks  in  pure 
irater  at  4**  C.  to  the  100th  division.  When  immersed  in  sulphuric  acid, 
at  the  standard  temperature  and  pressure,  it  sinks  to  the  54th  division. 
To  what  point  would  it  sink  were  the  experiment  made  in  vacuo,  and 
irbat  IB  the  true  specific  gravity  of  the  acid  ? 

29* 
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MOLECULAB  FORCES  BETWEEN  HETEROGENEOUS  MOLECULB& 

(180.)  Adiiesion.  —  Haviug  studied  tho  phenomena  caused 
by  the  action  of  molecular  forces  between  homogeneous  mole- 
cules, as  manifested  in  the  characteristic  properti^  of  solids, 
liquids,  and  gases,  we  come  next  to  consider  tliose  phenomena 
which  are  caused  by  the  action  of  molecular  forces  between  hete- 
rogeneous molecules.  As  we  have  already  seen,  the  molecular 
forces  are  either  attractive  or  repulsive  (78).  To  the  attractive 
force,  when  exerted  between  homogeneous  molecules,  like  those 
of  the  same  body,  whether  it  be  solid,  liquid,  or  gaseous,  we  give 
the  name  of  cohesion  (79).  But  when  the  attractive  force  is 
exerted  between  heterogeneous  molecules,  like  those  of  different 
bodies,  and  still  does  not  produce  any  chemical  change,  we  call 
it  adhesion.  It  must  not,  however,  be  supposed  that  these 
attractive  forces  are  essentially  different  in  the  two  cases.  The 
distinction  between  cohesion  and  adhesion  is  only  ntiade  for  the 
sake  of  classification,  and  it  is  at  least  possible  that  they  are 
merely  different  manifestations  of  the  one  force  of  universal 
gravitation  already  considered. 

The  phenomena  of  adhesion  are  quite  numerous,  and  they  can 
be  most  conveniently  classified  according  to  the  mechanical  con- 
dition of  the  masses  of  matter  between  which  the  force  acts. 
We  will,  therefore,  consider  in  order  the  phenomena  caused  by 
the  action  of, — 

First,  solids  on  solids  (^cemenls^. 
Secondly,  solids  on  liquids  (^capillarity,  solution}. 
Thirdly,  solids  on  gases  (absorption  of  g-ases}. 
Fourthly,  liquids  on  liquids  (liquid  diffusion,  09mo%e), 
Fifthly,  liquids  on  gases  (^solution  of  gases). 
Sixtlily,  gases,  on  gases  (^gaseous  diffusion) . 

Solids  on  Solids.  \ 

(181.)    Adhesion  between  Solids.  —  Many  of  the  most  famil'  | 
iar  phenomena  of  daily  life  are  owing  to  the  attractive  forces  , 
which  exist  between  heterogeneous  particles  of  solids.     Ttaii  j 
the  particles  of  dust  floating  in  a  room  adhere  to  tlie  ceiling  ia 
opposition  to  the  force  of  gravity.     In  like  manner,  the  partidfli 
of  chalk  adhere  to  the  vertical  surface  of  a  blackboard,  and  46 


THE  THBEE  STATES  OF  MATTER. 


843 


Fig.  806. 


particles  of  plumbago  abraded  from  a  lead  pencil  adhere  to  a 
sheet  of  writiug-paper.  So  also  the  adhesion  of  paint  to  wood 
or  canvas,  tliat  of  the  tin  amalgam  to  the  backs  of  glass  mirrors, 
and  that  of  gold-leaf  to  picture-frames,  belong  to  tlie  same  class 
of  phenomena.  The  numerous  important  applications  of  india- 
Tubber  in  the  chemical  laboratory  furnish  still  further  illustra- 
tions of  adhesive  force. 

India-rubber  adiieres  very  strongly  to  glass,  and  this  property 
renders  it  invaluable  for  making  stoppers  to  glass  bottles  and  air- 
tight joints  between  glass  tubes.  The  common  method  of  unit- 
ing together  glass  tubes  in  adjusting  chemical  apparatus  consists 
in  stretching  over  the  ends  of  the  tubes  a  short  tube  of  india- 
rubber  called  a  connector,  e  /,  (Fig. 
108,)  so  tliat  tlie  ends  of  tlie  two  glass 
tubes  shall  meet  within  it.  On  binding 
die  india-rubber  to  the  glass  by  means  of 
I  nik  cord  or  fine  copper  wire,  the  adho- 
■on  is  sufficient  to  resist  the  action  of  most  gases,  unless  the  prcs- 
sore  is  considerably  greater  tlian  t}iat  of  the  atmosphere.  These 
connectors  can  easily  be  made  of  the  required  dimensions  from 
sheet  indiarrubber.  We  apply  a  strip  of  india-rubber  previously 
KAened  by  heat,  to  the 
glass  tube,  as  represented  in 
Kg.  309,  and  tJien  cut  the 
tto  edges  with  a  pair  of 
Scissors,  which  should  have 
broad,  jQat  blades,  and  be 
perfectly  clean.  The  cut 
edges  immediately  imite,  and 

the  union  can  be  made  more  solid  by  pressing  them  together 
between  the  thumb-nails.  The  india-rubber  connector  will  ad- 
here at  first  firmly  to  the  glass  tube,  but  it  can  be  easily  removed 
%fker  dipping  tlie  tube  into  water.  The  water  is  drawn  up 
between  tlie  glass  and  the  india-rubber  by  capillary  attraction, 
tud  the  adhesion  is  destroyed. 

(182.}  Cements.  —  The  use  of  cements  not  only  illustrates 
the  existence  of  an  attractive  force  between  the  molecules  of 
keteiogeneous  solids,  but  also  the  additional  fact,  that  the 
ibrengtli  of  this  force  varies  with  the  nature  of  the  solids.  In 
Ofder  to  unite  two  pieces  of  wood,  we  first  fit  together  carefully 
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tho  surflioes  to  be  joined,  and  thai 

laces,  perfectly  cleaned,  a  thin  layer  of  mdled  ^n.  Whoili 
glue  hardens,  it  firmly  cements  together  the  two  peees  of  m^. 
— first,  by  tlie  adhesicm  between  the  ^ne  and  tte  vood,  nil 
secondly,  by  tlie  cohesion  between  the  partideB  of  tte  ^itaK 
This  same  glue,  howeyer,  would  &&  to  cement  together  pem4 
glass  or  of  stone,  because  the  adhesion  ot  e^oe  to  tibsss  sdiiiv 
much  feebler  tlian  its  adhesion  to  wood ;  but  fragments  of  |^ 
and  porcelaui  may  be  united  by  some  resinous  material,  m/km 
shellac,  and  those  of  stone  and  brick  by  mortar  or  some  at 
careous  cement* 

It  is  ovideut  that  in  all  these  cases  the  phenomena  of  adhnn 
are  mixed  with  tliose  of  cohesion.  The  adhesion  only  tdfl 
place  at  the  surfaces,  where  the  heterogeneous  partida  m 
brought  in  contact,  while  the  particles  of  the  solids,  and  flM 
of  tho  comont,  are  alike  held  together  by  the  force  of  eoh» 
sion.  The  thinner  the  layer  of  cement,  the  more  perfectly  dM 
it  ftilfil  its  oflice,  since,  when  a  thick  nubs  is  used,  the  uneqpi 
expansion  of  tlie  diflerent  solids  in  contact,  caused  by  changei  k 
tem{iorature,  tends  to  destroy  tlie  cohesion  of  the  particles  of  Iti 
cement  It  not  nnfinequently  happens  tliat  the  adhesion  betweii 
tho  {uirtioles  of  a  cement  and  the  bodies  which  it  unites,  ii 
groutor  than  tlio  cohesion  which  holds  togotlier  the  partides  of 
tho  IhkIv  it^^lf.  On  attempting  to  separate  two  pieces  of  wool 
along  a  glued  seam,  we  often  see  a  film  of  wood  split  off  adheri^ 
to  tho  surface  of  tho  glue ;  and  the  feat  of  splitting  a  bauk-noto 
is  arouuiplisluHl  by  cementing  it  firmly  between  two  flat  surfiMe% 
and  thon  ron»ibly  separating  them,  when,  the  cohesion  of  ttl  ^ 
]u\]m^  Unng  fiH^bler  than  the  adhesion  of  the  cement,  the  p^iff  ■ 
split  through  the  middle.f 

SoKds  and  Liquids. 

O^ll)   Adhesion  of  Liquids  to  fiWufe.— That  the  surfiwwrfi 
solids  \\v\)  gtMiorally  wetted  when  dipped  into  a  liquid  is  a  hflt 
uuivorsidly  known,  and  it  is  seltevident  that  the  liquid  mflfc 
cules  ttix)  hold  to  the  solid  surface  by  a  mutual  attraction  betweea 

•For  a  dMcripUoD  of  the  rwiion  tnamlM  ucd  fa  dw  laboratorr,  the  itiidBift  k 
«<»n^J  to  tKe  work!  on  cbemkml  miiipnhrtoM  by  gwidsy.  Ifafit,  and  otiiW. 
t  Milter.  Kfcttiwiiti  of  C!ie««tiy,  page  5t. 
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le  liquid  and  solid  particles.  Tlie  strength  of  this  attraction, 
liich  is  much  greater  than  is  generally  supposed,  can  be  made 
rident  by  a  simple  experiment.  If  a  disk  of  glass  is  suspended 
>  the  pan  of  a  hydrostatic  balance,  and,  having  been  exactly 
nmterpoised  by  weights  in  the  opposite  pan,  is  applied  to  the 
irfiu^  of  a  liquid  capable  of  wetting  it,  it  will  be  found  neces- 
ny  to  add  a  very  considerable  weight  to  the  counterpoise  in 
rder  to  separate  tlie  disk.  Moreover,  when  the  separation  takes 
lace,  the  disk  will  be  found  wet,  showing  that  the  separation 
18  been  between  the  particles  of  liquid,  and  not  between  the 
lid  and  liquid  surfaces,  and  indicating  that  the  adhesion  was 
neater  than  the  cohesion  of  the  liquid. 

In  experiments  made  by  Gay-Lussac,  at  a  temperature  of  8**, 
Ui  a  circular  plate  118.366  m.  m.  in  diameter,  59.4  gram,  were 
(|iiired  to  separate  it  from  water,  31.08  to  separate  it  from  alco- 
1  (Sp.  Gr.  =  0.8196),  and  34.1  to  separate  it  from  oil  of  tur- 
ntine.  It  was  also  found  that  the  substance  and  tliickness  of 
e  plato  had  no  influence  on  the  result,  proving,  as  before,  that 
B  force  overcome  by  the  weight  was  the  cohesion  between  the 
rtieles  of  the  liquid,  and  further  showing  that  the  distance 
rough  which  the  force  acted  was  less  than  the  thickness  of  the 
[uid  film  which  remained  adhering  to  the  plate.  These  num- 
rs  cauiiot,  however,  be  regarded  as  a  direct  measure  of  the  rel- 
ive cohesion  of  the  three  liquids,  as  could  easily  be  shown  by  a 
rther  examination  of  the  conditions  of  the  experiment. 
Adhesion  also  exists  between  liquids  and  such  solid  surfaces  as 
icj  have  not  the  power  of  wetting.  Gay-Lussac  found  that  a 
isk  of  glass  adhered  to  the  surface  of  mercury  with  a  very  con- 
dcral)le  force.  In  an  experiment  made  as  just  dcscril)cd,  with 
disk  of  glass  118  m.  m.  in  diameter,  resting  on  the  surface  of 
basin  of  mercury,  it  required  in  one  case  296  gram.,  and  in 
Dotlier  158  gram.,  to  effect  a  separation,  the  amount  of  weight 
squired  depending  on  the  manner  in  which  the  surfaces  were 
I^Ued  to  each  other.  In  these  experiments,  when  the  surfaces 
rere  parted,  the  separation  took  place  between  the  mercury  and 
be  glass,  indicating  that  the  weight  overcame  tlie  adhesion  of  the 
eterogeneous  particles,  and  not  the  cohesion  of  the  liquid,  as  in 
he  other  experiments.  Moreover,  tlie  force  required  to  effect 
lie  separation  was  no  longer  independent  of  the  material  of  the 
isk. 


S4» 

(Iftl.)  CapUiarf  iUlracNoa.  —  Wbeo  a  Bolid  bodj  is  pv 
tiaUy  immersed  in  a  liquid,  the  force  of  adlwnon  producae  m 
portant  modiGca^ns  iii  tiw  laws  ci  liquid  eqiulibrium  bb  alteadj 
enundated.  Thus,  for  example,  if  we  dip  the  end  of  a  fine 
f^ass  tube,  S  or  8  millimetres  in  diomoter,  into  vater,  the  liquid 
will  not  wtftintajn  the  samo  level  within  aud  witiio\it  the  tube  u 
required  by  the  principle  of  (130),  but  will  be  elevated  in  the 
interior  of  the  tube,  aud  maintained  at  a  height  wliich  is  veij 
ctHiaderabl;  above  the  exterior  level,  and  which  is  the  greater  tbt 
smaller  tlie  diameter  of  the  tube.  Moreover,  the  surlaco  of  the 
water  does  not  remain  horizontal  uear  the  walla  of  the  tube,  m 
required  by  (129),  but  on  the  outside  it  cuim 
towards  the  tube,  as  represented  in  Fig.  310,  aid 
in  the  iutcrior  it  assumes  a  concave  form,  whic^ 
for  tubes  leas  than  2  millimetres  in  diameter,  ia 
sensibly  hemisphericaL  If  now  we  dip  the  end 
of  the  same  tube  into  liquid  mercury,  we  ili*II 
obtmn  a  result  equally  opposed  to  the  lavs  dl 
"■■"*•  liquid  equilibrium,  but    irf  a  reversed  order. 

Tlie  column  of  mercury  in  the  interior  of  the 
tube  will  bo  depressed  below  the  outside  level,  and  its  suriace 
will  assume  a  convex  sliape,  which  for  a  small  tube  is  as  belbn 
sensibly  hemispherical,  while  on  the  outside  the  surface  of  the 
liquid  will  curve  from  tlie  tube,  as  if  repelled  bj 

tit  (Fig.  811).  By  repeating  these  experimentt 
with  dilTerent  liquids,  and  with  tubes  of  variom 
kiud»,  wc  shall  obtain  results  like  the  first  wben- 
ever  the  liquid  has  the  power  of  wetting  & 
walls  of  the  tube,  and  results  like  the  second 
wheu  tlio  reverse  is  the  case ;  wbile  in  some  fcv 
"«  •"•  ca.scs  (as,  for  example,  when  the  tube  is  polished 

steel,  and  the  liquid  is  alcohol)  the  level  will  not 
be  changed,  and  tlio  surface  of  tlie  liquid  will  remun  horiiODtil 
botli  within  and  witlioutthe  tube.  These  phenomena  are  tennsd 
in  general  capillarity,  and  the  curved  sur&ces  which  tlie  liqiudl 
assume  in  tho  proximity  of  solid  bodies  are  called,  respectivdfi 
concavo  and  convex  meniscusei.  In  studying  this  subject,  w 
will  first  consider  what  changes  the  molecular  forces  must  be  ei- 
pccUwi  to  produce  a  priori  in  the  laws  of  liquid  equilibritmi,  sod 
afterwards  we  will  examine  the  phenomena  and  see  how  chMt^ 
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tiw  fiwits  Cfrindde  with  our  theoretical  deduction.    Let  us  com- 
meac^  with  tiie  aimpleet  case  possible,  aud  consider  how  the  sur- 
ftce  of  a  liquid  must  be  disturbed  by  the 
coDtact  of  a  solid  bar. 

Take,  for  example,  a  liquid  particle,  m 
(Kg.  312),  in  contact  with  a  solid  bar, 
%piDg  under  the  sur&ce  of  any  liquid. 
This  particle  is  evidently  acted  upon  by 
the  force  of  gravity,  g-,  and  by  three  otiicr 
fcrces.  The  first  of  these,  /,  is  the  results 
int  of  the  attractive  forces  exerted  by  the 
S^iud  particlea  included  in  tlio  quarter 

tftntn  vtab.  The  other  two,  /'  aud  /",  are  the  resultants  of  the 
•ttnctive  forces  exerted  by  the  solid  particles  included  in  the 
two  quarter-spheres  moc  and  m  o  b,  the  radius  of  tlio  spliero  in 
Mill  case  being  the  uisensible  distance  through  which  tlio  mole- 
culu  forces  can  act.  We  can  now  decompose  eacli  of  these  tliree 
brcea  into  a  vertical  and  a  horizontal  component.  Considering 
tte  eomponeuts  whicli  act  in  the  directions  ma  or  mb  ])ositive, 
ie  shall  have  for  the  liorizontal  compouents  (35), 

/  cos  45*,  — /'  cos  45°,  — /"  cos  45° ; 

ntd  remembering  tliat  /"  =  /',  we  shall  also  have  for  the  single 
lUultant  of  the  three  horizontal  components  (/  —  2  /')  cos  45'. 
Iq  like  nuinncr,  for  the  vertical  comjKincnts,  including  gravity, 
Te  sliaJl  have,  — 

g;         f  cos  45°,         — /'  cos  45°,         /"  cos  45°, 
Vadfor  the  single  vertical  resultant,  g-  +/cos  45°.     Let  na  next 
inquire  what  will  he  the  direction  of  the  final  resultant  of  tlie 
borizontal  and  vertical  forces,  whose  values  are 

(1.)  (/— 2/')cos45°;  (2.)  g- +  /  cos  45.  [121.] 
It  is  evident  that  the  vertical  force  must  always  he  positive,  and 
Iwnce  directed  downwards ;  but  the  direction  of  the  horizontal 
fwce  will  depend  on  the  relative  values  of /and/',  that  is,  on  the 
ml^ve  strength  of  the  cohesive  and  adhesive  attractions.  There 
may  be  three  cases,  according  as  /  is  less  than,  is  gi'cater  than, 
or  is  equal  to  2  /'.     We  will  consider  each  case  separately. 

Irt.  When  /  <  2  /'.  If  J;he  cohesive  force  is  less  than  twice 
fce  adhesive  force,  then  the  horizontal  force  [121.  1]  is  negative, 
■nd  tlie  resultant  of  this  force  with  the  vertical  forcu  [121.  2]  will 
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Ml  within  the  angle  bmo,  and  take,  for  example,  the  directiin 
MR  (Fig.  818).  Now,  since  the  surface  of  a  liquid  must  at 
ever;  point  be  normal  to  the  resultant  of  iH 
tlie  forces  acting  at  that  point  (129),  it  fid- 
lows  that  the  liquid  surface  will  be  dn«n 
up  towards  the  solid  bar,  so  as  to  .lie  pn^ 
peudicular  to  the  line  MR,  and  tangeDtta 
t)ie  line  MN,  making  with  tlie  bar  an  u^ 
D  MN,  which  is  constant  for  the  same  eah- 
**  "^  stances,  and  is  called  the  angle  of  coDtaet 

If  next  we  consider  the  liquid  particles  M'  M",  Ac.  adjtnnt 
to  Jlf  on  the  Burfaco  of  the  liquid,  it  is  evident  that  on  accoaat 
of  tlieir  greater  distance  they  will  be  acted  upon  less  Gtron^f 
hj  the  solid  bar,  and   hence  the  resultants  M  R',  M"R",  A& 
will  approach  more  and  more  nearly  the  vertical,  with  whick 
tJiey  will  soon  coincide.     Thus  it  appears  that  the  liquid  suifitee, 
which  must  be  at  each  point  perpendicular  to  these  resultaob, 
will  be  cun'ed  up  towards  the  bar,  but  will  become  horizontal  it 
a  certain  small  distance  From  it.     It  is  easy  to  see  that,  if  a  no-  ; 
ond  har  is  dipped  into  the  liquid  parallel  to  tlic  first,  the  surlin  I 
of  the  liquid  between  the  bars  will  take  the  form  of  a  coocsn  | 
cylindrical  surface,  in  cose  the  bars  are  sufficiently  near  together, 
and  that  in  a  tube  it  would  take  the  form  of  a  concave  meuiscoB, 
formed  by  the  revolution  of  the  curve  M  M'  M"  round  tlie  axil 
of  the  tiil)e. 

•lA.   W!ien/>2/'.     If  the  cohesive  force  is  greater  thin 
twifc  the  adhcMve  force,  then  the  horizontal  force  [121,  1]  i> 
positive,  and  consequently  directed  towards  the  liquid.    Hews 
the  resultant  of  this  force  and  the  ve^ 
tical  force  [121.  2]  will  fall  within  tbs 
angle  amb   (Fig.  312),  taking,  for  ex- 
ample, the  direction  M  R  (Fig.  314), 
and  tlie  surfoce  of  the  liquid  will  bo  per 
peudicular  to  this  resultant,  making  mtli 
tlie  solid  bar  an  angle  D  M  N  less  tbu 
^^"  90°.    Moreover,  for  the  particles  Jtf'.JK*. 

Ac.  adjacent  to  M  on  the  surface  of  the  liquid,  it  can  be  proved 
that  the  n>^ultant$  of  the  molecul^  forces  and  gravity  will  v^ 
preach  the  vertical  nearer  and  nearer  the  farther  we  recede  from 
the  bar,  and  will  soou  coincide  with  it.     Heuce  it  follows  tlot 
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Qie  liquid  surface  will,  in  this  case,  be  convex,  taking  the  form 
of  a  convex  cylinder  between  two  parallel  bars,  and  of  a  convex 
meniscus  in  a  fine  tube. 

8d.  When  /  =  2  /'.  When  the  cohesive  force  exactly  eqiuils 
twice  the  adhesive  force,  then  the  horizontal  force  [121. 1 J  becomes 
»ro,  and  the  resultant  of  all  the  molecular  forces  and  gravity, 
icting  on  the  particle  m,  coincides  with  the  vertical.  In  this 
case  alone  the  surface  of  the  liquid  is  horizontal,  even  to  the  line 
of  contact  with  the  solid  bar,  and  consequently,  likewise,  hori- 
lontal  between  two  bars,  or  in  the  interior  of  a  tube. 

(185.)  Form  of  the  Meniscus.  —  It  is  evident  from  the  last 
section,  that  the  exact  form  of  tlie  meniscus,  and  tlie  angle  of 
contact,  depend  upon  the  relative  values  of /and  2/'  [121],  and 
bence  upon  the  nature  of  the  solids  and  liquids  used.  The  con- 
ditions are  changed,  however,  when,  as  is  usual  in  such  experi- 
Dients,  the  solid  bar  or  tulx)  has  been  previously  rinsed  with  tlic 
liquid.  In  such  cases  the  action  takes  place  between  the  parti- 
cles of  the  thin  film  of  liquid  covering  the  solid,  and  those  of  the 
«ame  liquid  into  which  it  is  dipped,  the  solid  itself  serving  only 
to  sustain  the  liquid  film,  and  it  is  then  found  tliat  the  result  is 
entirely  independent  of  tlie  nature  of  the  solid.  Moreover,  when 
the  solid  has  not  been  previously  moistened,  tlic  plienomena  are 
tendered  very  irregular  by  the  film  of  air  which  covers  the  sur- 
fece  of  the  bar  or  tube,  and  wliich  it  is  almost  impossible  to 
"emove  without  moistening  the  whole  surface.  So  also,  when  the 
liquid  has  not  the  power  of  wetting  the  solid  surface,  as  in  tlic 
2ase  of  mercury  and  glass,  there  may  be  a  film  of  air  between 
tlie  two  of  sufficient  thickness  to  keep  the  liquid  particles  beyond 
Bie  sphere  of  action  of  the  adhesive  force.  In  such  cases  the 
BwTO  of  the  liquid  surface  will  be  determined  by  the  action  of 
the  cohesive  force  alone,  and  this  action  will  be  entirely  similar 
to  Uiat  which  gives  to  the  rain-drop  its  spherical  form  (129). 

Since  it  has  been  obser\'ed  that  tlie  surface  of  a  liquid  in  a 
tube  is  concave  when  it  wets  the  walls  of  the  tube,  and  convex 
when  it  has  not  the  power  of  thus  wetting  them,  it  follows  from 
flie  last  section  that  a  liquid  will  wet  a  solid  surface  when  the 
force  of  cohesion  lK5tween  its  particles  is  less  than  twice  the  force 
rf  adhesion  of  these  particles  to  the  solid. 

(186.)  Pressure  exerted  by  the  Molecular  Forces.  —  Havhig 
leen  how  the  molecular  forces  may  modify  the  form  of  a  liquid 

80 


y»:;.x  M.  v.'.h  >  rxlIrM  4qml  la  Ae'  ^ 

Mm.  mr^  ,t  !!•  -MT  to  Mb  cm  ite^  nsmiBas  of  all  li 

tf^*^   W,i.    -^   in    the  j^KCMQ   JfP.  HRBSl  ■>  Ac   9W&R.     If 

tV  iw/lAr^tlft  M  irtlilji  fj|«  tmrfaer.  »  «  Jf .  tken  dK  artitv  ptr- 
tvm  '^  Um  )ir|>iid  vHI  V«  i*K  IBM  OKkecd  br  dkc  9*rrv  o^  «•■ 
«W<  attrorfwrn.  ABC.  TTds  nsr  be  £riM  inlo  Aree  prt 
t<y  Jiw  <9jiial/fr:»l  f>lane.  P  <^.  uid  U-  a  rarber,  J'  B.  srminetiwl 
witli  A  If,  artd  <y|qidi<ftant  frtMn  tbe  eqaamr.  Tlir  annetiona- 
RiKi'J  t<jr  tli«  p<^«o  ^  £  i>  Q  b  eridentlT  balannd  br  tfw  eqMl 
(tit'J  'ffij^mU: attraction txi-rxM  hr  A  B  PQ.to  that  die rwaltii 
llr':  ia»ri<;  a^  if  the  iwAnnnln  were  onlr  anncted  br  the  porioa 
^'  //'  C.  Tli«  rtMiiltant  of  all  the  attiactrre  forces  exerted  *f 
tln!  (wrliH'!'!  f^mtumul  in  Ihi-*  piirtion  rf  the  ^ihere  is  e^AeaHf 
ruiK-Ii  IniH  tliaii  Imfrtro,  but  Mill  it  is  aanaH  to  the  sarbce.  R- 
milly,  if  w«  tiiki)  a  molR*.^llc,  3f",  of  a  dUtameefrom  tke  suifKt 
ff/H'd  In  the  riuliui  of  $entible  atlractum,  it  is  erident  tint  *». 
Hllnu:tm:  f„n-j-M  m^tiiiff  upon  it  will  balance  each  other.  If  thW 
Wii  (Intw  n  Hiirftu^,  X-  Y',  paraHol  to  XT,  and  at  a  distance  fa« 
It  ra|iiiil  to  tho  nuliuH  of  sensiblo  attractioii,  we  sliall  hare  eon- 
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between  these  two  eur&ces  a  liquid  film  whom  partides 
der  the  influence  of  forces  acting  perpendicularly  to  tha 
s,  and  exerting  an  effect  similar  to  that  of  gravity.  There 
hen  result  from  the  action  of  these  molecular  forces  a 
"e,  which  will  bo  transmitted  in  all  directions,  according  to 
nciple  of  (120),  and  whose  effect  must  be  added  to  those 
ity  and  atmospheric  pressure. 
.)     Amount  and  Effect  of  the  Molecular  Pressure.  — 

now  inquire  whether  the  form  of  the  surface  exerts  any 
ce  on  tlie  amount  of  the  molecular  pressure.     For  this 
3  let  us  take  a  molecule,  M'  (Fig.  816),  at  a  distance 
ho  surface,  M'  H.,  less  than  M'C, 
ins  of  sonsiblo  attraction,  and  con- 
-•hat  will   bo  the  relative  amount 
ecular   pressure   exerted   by   this 
le,  —  1st,    when    the    surface    is 
2dly,  when  it  is  concave;    and 
rhen  it  is  convex, 
ic   surface  is  plane,   as  A  B,   the 
on  exerted  by  the  liquid    mass 
?  is  balanced  by  that  of  A' B' PQ, 
0  only  force  which  produces  prcs- 

tlic  attraction  exerted  by  A'D'C.  Let  us  represent  the' 
)f  this  force  by  A. 

tw  the  surface  is  concave,  as  D  E,\i  is  evident  tliat  the 
irtion  of  the  liquid  within  the  sphere  of  sensible  attraction, 
attractive  force  is  not  neutralized,  is  the  portion  IV  ISC, 

by  a  surface  D"  ^,  drawn  symmetrically  to  DE.  Fince 
uid  mass  is  less  than  A'  B'C,  the  attractive  force  which 
3  must  1)0  less  by  an  amount  we  will  call  Bf  and  it  is  evi- 
nt  tlio  value  of  B  will  increase  as  the  radius  of  curvature 
surface  diminishes.  The  vahie  of  the  force  which  is  ex- 
it molecular  pressure  may  then  bo  represented  by  A  —  B, 
he  surface  is  concave, 

istly,  the  surface  is  convex,  as  KL,  and  wo  draw  K'  L' 
trical  witli  this,  it  is  equally  evident  that  the  active  poi-- 

tlic  liquid  is  now  K'  L'  C;  and  since  tliis  mass  is  greater 
1'  B"  Cy  the  value  of  tlio  molecular  pressure  may  be  icpre- 
by  j1  +  B',  when  the  surface  is  convex. 
i  what  has  been  shown  to  be  true  of  the  pressure  exerted 
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l^  tiM  molacnle  JT  is  true  of  ill  the  molooula  oontuned  id  tti' 
thiu  film  bounded  hy  tho  siir&ces  X  Y,  aud  I' T  (Fig.  81d),it  | 
follows  thftt,  vheo  tlie  sur&ce  of  a  column  of  liquid  it  oodgm, 
it  exorts  a  less  presaure,  and  conTsnely,  vben  the  nu&eai 
c(MiTex,  it  exorts  a  greater  preasare  than  Then  it  is  plana,  ■■ 
siuniog  always  tliat  th«  radius  of  curvature  of  the  sotftea  ii 
comparable  with  the  radius  of  sensible  attraction. 

(188.)     Ejects  of  MolectUar  Pretmre.  —  'ii  is  now  eiif  ti 

sec  in  wliat  way  tlio  molecular  pressure  may  modify  the  prio- 

ciplo  of  (130),  when  one  of  the  tasscIs  is  very  small.    Let  ui 

suppose,  tlieii,  tliot  wo  liave  a  fine  tube  rf 

gloss,  dipping  iiitn  a  liqtud  (Fig.  317).    I'j 

tho   principles   of  hydrostatics,   the  level  of 

the   liquid  sliould   be  the   same  within  u4 

without  tho  tube,  because  it  is  a  nectavf 

condition  of  equilibrium  that  the  pressoieaa 

any  givcli  section,  as  MN,  should  be  t^ 

same,  whether  exerted  by  the  column  of  Ui)iud 

in  the  tube,  or  by  tlie  liquid  mass  outride,  nl 

this  can  only  bo  when 

S  .  //.  (^Sp.Gr.-)  =S.n'.  (^.Gr.y  [1211 

or  when  //  =  II'  (compare  130).  Tliia  equation,  however,  ool/ 
has  regard  to  the  pressure  escrted  by  liquids  in  consequence  rf 
their  wciglit,  altliough,  as  we  have  just  said,  the  molecular  fiwM 
exert  a  pressure  tlicmselvcs  whoso  cRect  must  be  added  to  thit 
of  gravity.  As  the  surface  of  the  liquid  outside  tlie  tube  is  liori- 
zoiital,  tlie  molecular  pressure  transmitted  by  it  to  the  soctioi 
N  N  may  bo  represented  by  A,  and  the  whole  pressure  on  tin 
section  will  ho  S  .  II .  (Sp.Gr.^  -\-  A.  If,  however,  the  Uqul 
wets  tho  tu1)c,  tho  interior  surface  will  be  concave,  and  the  pR*" 
Euro  traiismittod  from  the  interior  of  the  tube  to  the  section  nl 
bo  S  .  II'  .  {F</,.Gr.')+(_A~Ji).  Evidendy  there  can  onlybe 
an  cijuillbrium  wlien 

S.n.(_.?p.ar.}  +  A=^.n'.(^Sp.Gr.^-{-CA  —  B), 
or 

zr'  =  ir+  h;  [121] 

that  is  to  sny,  when  tho  level  in  the  tube  is  above  tlie  Iw^ 
outside.    Hie  difference  of  level,  A,  measures  the  dififerenoe  of 
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wsura,  B,  caused  by  the  concavity  of  the 
ir&ce. 

If  tlie  liquid  does  not  vet  tlio  tube  (Fig. 
18),  tiien  tlte  interior  surface  will  be  cou- 
II,  and  tho  pressure  traiisinittod  from  the 
tenor  of  tlie  tube  to  the  section  will  be 
.  M-  .  (^.Gr.)  +  (^  +  B").  We  shaU 
eu  have  equilibrium  when 


S.n  .  iSp, Gr.-y  -\-A=S.ir.  (iy;. Gr.)  +  (4 - 


H=H  —  h'; 


[124.] 


kt  is  to  say,  when  the  level  in  the  tube  is  below  tlie  level  out- 
e;  and  here,  as  before,  the  difluj-cjice  of  level  measures  tlio 
ferciico  of  pressure,  which  is  caused  iu  this  case  by  the  con* 
xity  of  the  surface. 

Between  these  two  conditions  there  is  a  third,  iu  wluch  tlio 
uid  surface  is  level  within  the  tube.  In  this  case  it  is  evident 
it  the  molecular  pressures  wHl  balance  each  other,  and  there 
a  be  equilibrium  only  when  H'  =:  H,  or  when  the  level  is  tlie 
ne  within  and  without  the  tube. 

These  results,  which  wo  have  now  deduced  tlieoretically,  are 
lly  confirmed  by  obeervatiou  ;  for  we  find,  as  has  already  been 
Ued  (184),  that  a  concave  memscus  is  always  accompanied  by 
.  elevation  of  the  liquid  column  in  a  capillary  tube,  and  a  con- 
X  meniscus  by  a  correspoudUig  depression.    The  phenomena 

ca[ullarity  may  be  illustrated  not  only 
'  means  of  a  simple  tube,  as  represented 

Figs,  310  and  311,  but  also  by  a  siphon 
be,  one  of  whose  branches  is  very  small, 
bile  tiic  btlicr  is  at  least  20  millimetres 
diameter  (Pigs.  819  and  320).  Tlie 
^ression  or  elevation  of  the  liquid  in 
e  smaller  tube  becomes  then  very  evi- 
mt,  and  can  easily  be  measured.  A 
unber  of  these  tubes  may  l)c  mounted 
lather    for   comparison,   as   represented       Fig  sis.         fikmo. 

Fig.  321. 

Tlicse  phenomena  are  entirely  independent  of  the  pressure 
80* 
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I 

to  which  tlio  af^taratn 
posed.  They  axe  the 
compressod  air  as  in  a  i 
atid  are  iiot  Influenoed 
tliickness  of  the  walls 
tube.  They  vaiy,  on  t 
er  band,  witli  tlie  mat 
the  tube,  and  with  the 
of  tlio  liquid.  '  Whei 
over,  the  tube  has  pn 
been  wet  with  tlic  liqi 
phenomena  are  also 
independent  of  the  i 
of  wliich  it  is  formed, 
any  given  temperatiu 
only  with  the  nature 
liquid  and  the  diom 
the  tube. 

If  we  take  tubes  of  (t 
diameter,  and  dip  the 
in  different  liquids,  caj 
moistening  the  walls,  wo  find  that  tlic  heights  to  whicli  th 
columns  are  elevated  differ  very  greatly.  If  tlie  tube  is  1, 
ill  diameter,  the  licight  is  23.1  m.  m.  for  water,  9.8  m.  m 
of  tnrpcnliiie,  7.07  m.  m.  for  alcohol,  and  tfill  loss  for  etl 
is  essential  in  tiicse  experiments  titat  the  tubes  should 
Tiously  cleaned,  and  carefully  rinsed  out  witli  tlic  liquii 
used.  Otherwise  the  phenomena  ire  nlso  influenced  liy 
tcrial  of  the  tube,  and  are  rendered  very  irregular  by  the 
air  adbering  to  the  surface.  Ttiis  is  especially  true  wl 
liquid  has  not  the  power  of  wotting  the  surface,  and  the  < 
tlie  phenomena  is  reversed.  Tlie  amount  of  depression 
eases  not  only  varies  witli  the  nature  of  the  tube  and 
liquid,  but,  moreover,  it  is  not  the  s^amo  for  tlie  same  t\- 
liquid  under  different  circumstances.  For  example,  in  1 
of  mercury  and  glass,  the  form  of  the  mcniseus,  and  the 
sion  of  the  mercury  column,  wliich  depends  upoti  this  for 
so  greatly  with  the  impurity  of  the  metal,  the  presence  of 
and  the  nature  of  the  glass,  that  it  is  not  possible  to  calcu 
amount  fVom  any  general  measurements,  but  it  isneceesai 
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tominfl  it  by  ezperimont  for  each  particular  instntmeDt  TbuB, 
in  the  same  tube  tlie  mercury  column  will  be  more  depressed  in 
ancuum  than  iii  tbe  air,  especially  when  tbc  air  is  moist.  So, 
also,  mercury  vbich  baa  beea  boiled  in  the  air  forms  a  less  con- 
TfBi  meuiscufl  than  mercury  which  has  been  boiled  in  au  atmos- 
jAwre  of  hydn^n  or  carbo&ic  acid.  And  lastly,  a  small  amount 
cT  oxide  dissolved  in  the  mercury  may  even  invert  the  order  of 
the  i^nomena,  causing  it  to  assume  a  plane,  or  even  a  slightly 
concave  surface. 

h)  detormiiiing  tlie  amount  of  pressure  fVom  the  height  of 
k  mercury  column  in  a  barometer  tube,  or  in  other  forms  of 
tiibfr«pparatus  used  in  experiments  on  gases,  it  is  important 
to  correct  the  observations  for  the  capillui-y  depression  ;  but 
nee,  from  the  causes  just  stated,  the  amount  is  uncertain,  it  is 
W  either  to  use  tubes  so  largo  that  it  is  rendered  insensiljle, 
V  else  so  to  arrange  the  apparatus  that  the  effect  of  capillarity  in 
Me  arm  of  a  siphon  is  balanced  by  aa  equal  effect  in  the  other. 
In  the  barometers  of  Regnault  and  Fortin  the  amount  of  depres- 
■ion  is  a  constant  quantity,  and  is  determined  once  for  each  instru- 
SWit  (159  and  160)  ;  but  even  in  a  well-made  barometer  the 
mrface  of  the  mercury  is  liable  to  changes,  which  alter  the  form 
nf  the  meniscus,  and  consequently  cause  a  variation  in  the 
Unount  of  depression.  The  convexity  of  tlie  meniscus  can  gen- 
Jpally  be  restored  by  tapping  on  the  gloss ;  but  when  the  siirface 
>r  the  mercury  is  badly  soiled,  it  is  necessary  to  refill  tlie  tiilie. 

(189.)    Numerical  Laws.  —  Although  the  theory  of  capillarity, 
18  thus  £ir  developed,  explains  and  predicts  the  general  order 
3f  the  phenomena,  it  does  not  yet  enable  us  to  calculate  tlie 
UDOuntofthc  elevation  and  depression  in  different 
tubes.    Tins,  as  we  have  seen,  varies  with  the  na- 
ture of  the  liquid,  and,  when  the  walls  of  the  tul)o 
Ibtc  not  been  previously  moistened  with  the  liquid, 
•ko  with  the  nature  of  the  tube.     But  assuming 
tint  all  other   conditions    are  equal,  let   us   in- 
tertigate  the  relation  between  the  capillary  effect 
•nd  tlie  size  of  the  tulic. 

For  this  purpose  let  us  take  the  simple  cnso 
of  a  capillary  tube  (Pig.  322)  dipping  in  a  mass 
rf  liquid  which  is  capable  of  wetting  its  surface, 
md  which  consequently  rises  ia  its  bore  to  a    —  n,.m 
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mean  height  AB.  In  the  first  place,  it  is  evident  1 
mass  of  the  tube  just  above  this  level  must  attract  th 
molecules  below,  and  that  there  will  thus  result  a  vertici 
which  will  tend  to  raise  the  liquid  column.  Since  this 
proportional  to  the  number  of  solid  particles  within  the 
of  attraction,  and  hence  to  the  perimeter  of  the  tube, 
represent  it  by  the  expression  j9a,  in  which  a  is  a  ( 
quantity  depending  on  the  nature  of  the  tube  and  the  liqi 
p  the  perimeter  of  the  tube.  If  now,  in  the  second  place, 
sider  the  portion  of  the  tube  between  A  B  and  CD^  it  is 
evident  that  the  attractive  forces  exerted  by  the  solid  ] 
will  balance  each  other,  and  can  therefore  produce  no  efSsc 
in  elevating  or  depressing  the  column,  finally,  the  mole 
the  tube  placed  just  above  C  D  will  attract  the  particles  i 
just  below  in  the  prolongation  of  the  liquid  column,  and  ' 
dently  exert  a  force  tending  to  raise  this  column,  which  eq 
before,  pa^  and  which  added  to  the  first  gives  us  2pa 
whole  value  of  the  upward  pressure. 

But  we  have  thus  far  left  out  of  view  the  liquid  mas 
the  end  of  the  tube.  If  we  conceive  of  the  solid  tube 
longed  by  a  tube  of  liquid,  C  D  M  Nj  it  is  evident  t 
liquid  particles  forming  the  walls  of  this  tube  will  attrac 
of  the  liquid  column  just  above  CD,  and  will  thus  exert 
tending  to  depress  it.  Representing  by  a'  a  constant  dej 
on  the  nature  of  the  liquid,  we  shall  have  for  this  doi 
force  the  value  p  a',  and  for  the  whole  vertical  force  th« 
p  (2  a — a'),  a  force  which  will  raise  or  depress  tlie 
according  as  (2  a  —  a')  is  positive  or  negative.  This  for< 
evidently  be  equal  to  the  weight  of  the  column  of  liquic 
it  elevates  or  depresses;  and  since  this  weight  may  be 
by  multiplying  together  the  area  of  the  section  of  the  tube 
height  of  the  column,  A,  and  the  specific  gravity  of  the 
Sp.  CrT.j  we  obtain 

p  {2  a  —  a')  =  s  .  h  .  (Sp.  Gr.^y 
or 

A  =  ^.?^  — "^=±  la" 
s  '   Sp.  Gr,  s       ' 

in  which  last  a"  =  -^ — ^— ,  and  is  constant  so  long  as  th( 
and  substance  of  the  tube  are  the  same. 
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If  the  tube  is  cylindrical,  ^  =  — ^  =  .^  and  A  =  db  ^  a". 
For  another  tube  of  the  same  material,  but  different  diameter, 

TV  4 

1/,  we  obtain  A'  =  ±  -.-  a",  whence  we  deduce 

zfc:  A :  ±  A'  =  1> :  D,  [126.] 

or  in  words,  T%e  elevations  or  depressions  of  a  given  liquid  in 
ejilindficcU  tubes  of  the  same  material^  but  of  different  diameters^ 
Off  inversely  proportional  to  the  diameters  of  the  tubes. 

If  the  tube  has  a  rectangular  section,  the  perimeter  is  equal 
to2  (i»  4*  ^)9  the  lengths  m  and  n  being  those  of  the  sides  of 

rectangle,  and  we  have  ^=  "r^;^     When  the  length 

s  m  n  o      *^ 

rf  one   side  is   infinite,  we  have   also  w  =  oo  ,  ^  ==  — ,  and 
9  *        m 

4  =  d=  —  a",  from  which  we  can  deduce 
m 

d=  A  :  ±  A'  =  m' :  m.  [!-".] 

The  case  supposed  is  evidently  that  of  two  plates  parallel  to  each 
other,  and  separated  by  a  distance  m.  Hence  the  elevation 
Or  depression  of  a  given  liquid  between  two  parallel  plates  is 
inversely  proportional  to  their  distance  apart. 

If,  lastly,  we  compare  the  effect  produced  by  a  cylindrical  tube 

4  2 

"When  A  =  zfc  -^  a",  and  that  by  parallel  plates  when  A'  =  db  —  a", 

We  obtain  the  proportion 

A:  A'  =  2m:  D,  [128.] 

hj  which  we  find,  that  when  m  =:  D,  then  A  =  2  A',  or  in 
irords,  Tlte  variation  of  level  caused  by  two  plates  is  one  half 
^  thai  caused  by  a  tube  of  the  same  nature,  whose  diameter  is 
tqual  to  the  distance  between  the  plates. 

(190.)  Verification  of  the  Laws.  First  Law.  —  It  follows 
from  [126],  that,  if  the  first  of  the  three  numerical  laws,  which 
kare  thus  been  deduced  theoretically,  is  correct,  the  product  of 
the  elevation  or  depression  of  the  liquid  column  into  tlie  diam- 
eter of  the  tube  must  be  always  a  constant  quantity  for  the  same 
Eqnid.  That  this  is  approximatively,  at  least,  the  case,  is  shown 
bjr  the  following  table,  taken  from  Jamin's  Cours  de  Physique^ 


Vj  -vliidi  V?  are  iDderr«£»d  ako  iar  the  feoeral  method 


,9k, 


M^A. .'^^  Vi 

«  i>«  6.08 


Tills  Ut  is  DOC  however,  exacu  wben  the  diameter  of 
toipe  i^  so  large  that  we  can  no  longer  neglect  the  c 
of  tlie  snriace  which  tenniuaies  the  liquid  column  (we 
alwars  that  the  height  of  the  colunm  is  measured  to  the 
point  of  the  coucaritT.  or  to  the  highest  point  of  the 
Texitr^.  When  the  diameter  of  the  tube  is  not  greater  A^ 
one  or  two  millimetres,  the  surface  is  ajqproximatively  hwj 
spherical,  and  we  can  then  easilT  estimate  the  amouut  of  dM 
ation.  If,  as  above,  we  represent  by  A  and  A'  the  heigbtsi 
two  columns  of  the  same  liquid  in  tubes  of  different  diameten 
measured  to  the  lowest  point,  ii,  of  a  concave  meniscus,  it  isei 
dent  that,  in  order  to  obtain  exactly  the  weight  of  these  liqw 
columns,  we  must  add  to  the  weiirhts  of  the  liquid  cylindfl 
$  .h  .  {Sp.Gr,)  and  5  .  A  .  i^Sp.Gr,)  the  weight  of  liquid  abo« 
the  [joint  w.  The  volume  of  this  liquid  is  evidently  equal  * 
the  difference  of  volume  Ivtween  a  hemisphero  and  a  cyli 
der  of  the  same  diameter  and  of  a  height  equal  to  the  radii 
of  the  hemisphere.  Using  the  notation  of  the  last  section,^ 
find  for  tliis  volume  the  value  ^  D*  n  —  ^  jy  n  ^=  ^  J^ 
and   for   the   total  weights  of  the   liquid   columns  the  ralu 

i  !>»  TT  (a  +  ^)  (5/i.Gr.),and  i  l>*7r  (a'  +  ^)  (i^.Gr.),* 

by  the  same  course  of  reasoning  as  before  [12o],  we  deduce 

The  double  sign  db  is  used,  because,  as  can  easily  be  proved, 
proportion  is  equally  true  when  the  meniscus  is  convex.  He 
it  follows,  that,  when  the  tubes  are  not  more  than  one  or  two  i 
limetres  in  diameter,  the  law  of  inverse  proportions  is  con 
when  we  add  to  the  Qbserved  heights  one  sixth  of  tlie  diam 
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4he  tube,  the  correction  required  for  the  meniscus ;  and  obser- 
tion  confirms  this  result  of  theory. 

"When  the  tubes  are  very  small,  and  the  elevations  or  depres- 
kns  correspondingly  large,  we  can  neglect  the  very  small  value 

^  and  regard  the  law  as  accurate  without  this  correction.  When, 

iwever,  the  tubes  are  extren^ely  small,  a  new  cause  of  devia- 
in  from  the  law  is  introduced.     In  experiments  on  capillarity, 

already  stated,  we  can  obtain  constant  results  only  when  the 
jfaces  of  the  tubes  have  been  previously  moistened  with  the 
[aid  to  be  used,  and  the  results  are  then  the  same  as  if  the 
iperiment  were  made  with  a  liquid  tube  of  less  diameter, 
e  solid  wall  serving  only  to  support  the  liquid  particles.  If 
e  tube  is  one  or  two  millimetres  in  diameter,  the  thickness 
'  the  liquid  film  may  be  neglected ;  but  when  the  tube  is  very 
Ball,  this  thickness  sensibly  diminishes  its  effective  size,. and  we 
lonld  therefore  expect  that  it  would  raise  a  liquid  column  to  a 
reater  height  than  that  required  by  the  law,  as  we  find  to  be 
le  case. 

When,  on  the  other  hand,  the  tubes  are  more  than  three  milli- 
eetres  in  diameter,  the  surface  of  the  liquid  column  differs  so 
msiderably  from  that  of  a  hemisphere,  that  the  proportion  [129] 
i>  longer  holds  true,  and  the  deviation  from  the  law  becomes 
»y  large.  Even  in  such  cases,  however,  the  heights  to  which 
quids  will  rise  can  be  calculated  when  the  precise  form  of  the 
leniscus  is  given ;  but  the  methods  are  too  complicated  for  an 
lementary  treatise. 

Second  Law.  —  The  second  law  of  (189)  can  be  verified  by  a 
eiy  instructive  experiment.  If  we  take 
ro  glass  plates,  united  by  hinges  at  one 
ide,  and,  having  very  slightly  opened  these 
inges,  dip  the  ends  of  the  plates,  as  repre- 
ented  by  Fig.  323,  in  colored  water,  we 
md  that  the  liquid  rises  between  these 
lates  to  a  variable  height,  depending  on 
ie  interval  which  separates  them,  its  up- 
Br  surface  taking  the  form  of  a  curve, 
Qowu  in  geometry  under  the  name  of  an 
[uilateral  hyperbola.  Let  us  inquire  whether  the  form  of  this 
trve  does  not  furnish  a  confirmation  of  the  law  under  discussion. 


Fig.  838. 
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We  may  eridently  r^ard  tlie  two  glass  plates  u 

of  an  infinite   Dumber  of  infinitely  narrow  parallel  stripi,  ■ 

shown  by  Fig.  324.     If  then  the  hv  ■ 

^^^■■^^H      correct,  it  follows  [127]  that  the  heigUl 

^^^^^^^^^^^H      towhich  the  liquid iselevated,atuiftn 

^^^^^^^^^^^      points,  will  be  proportional  to  the  inland 

"^  '**  between  the  plates  at  these  points,  to  M 

at  every  point  we  must  have  A  =  -  — .       If  now  we  take  Sf 

the  axis  of  y  tlie  vertical  line  of  intersection  of  the  two 

and  for  tite  axis  of  x  the  line  of  contid 

of  the  water  level  with  one  of  them,  vi 

shall  liave  (Fig.  325),  MP=k=: 

AP=x,   and    PQ  =  m=Cx, 

which  C  is  a  constant  qnantitf  depeel- 

ing  on   the  anglo  between   the  pluM 

Substituting  tlieso  values  in  A  = 

we  obtain         y  ^  -7—  , 

rig.  826.  2  a" 

or  xy=i  -p-  =  a  constant, 

which  is  the  equation  of  an  equilateral  hyperbola  referred  to  iti  I 

asymptotes  as  co-ordinate  ascs.     Since  this  is  the  curve  vrliii  j 

the  liquid  surface  always  assumes,  it  is  evident  that  the  second 

law  is  verified  by  the  experiment. 

T^ird  Law.  —  When  the  ends  of  two   parallel  glass  plates. 

'  maintained  at  a  xmall  distance  from  each  other,  arc  dipped  into 

water,  and  tlie  difference  of  level  measured,  it  has  been  found  thit 

the  product  of  tlie  distance  lietween  the  plates  by  the  elevatioH 

of  tliG  liquid  is  one  lialf  of  that  obtained  with  glass  tubes.    Tto 

fact  is  sliown  in  tlic  table  on  page  358,  and  verifies  the  third  U». 

(191.)  Influence  of  Temperature  on  Capillary  Phenomcius.— 

Tlie  general  expression  for  the  elevation  or  depression  of  tl* 

liquid  column  in  a  capillary  tube  [125]  may  be  written 

._     4        2a  — a' 

and  it  is  evident  tlmt  any  cause  which  changes  either  the  sj*- 
cific  gravity  of  the  liquid,  or  the  relative  values  of  llie  coliesi™ 
and  adhesive  forces,  will  produce  variations  in  the  vahie  *. 
Hence  an  iucrcose  of  temperature,  which  diminishes  the  specifio 
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by  expanding  the  liqnid,  would  of  itself  alone  increase 
7'ation  or  depression  of  the  column  ;  but  since  this  increase 
perature  produces  changes  in  tlie  molecular  forces,  and 
iffects  the  value  of  the  term  2  a  —  a\  we  find  that  the 
Ml  or  depression,  instead  of  increasing  with  the  tempera- 
stuallj  diminishes.  This  decrease  is  not,  however,  simply 
ional  to  the  temperature,  but  follows  much  more  compli- 
iws.  The  following  table  shows  the  height  at  which  the  dif- 
iquids  enumerated  stand  at  0°  C.  in  a  tiibe  two  millimetres 
letor,  together  with  the  coefficient  of  correction  for  tempera- 
hich,  multiplied  by  /,  the  number  of  degrees  above  0**, 
lie  amount  in  millimetres  to  be  deducted  from  the  height 
[1  order  to  find  the  height  of  the  capillary  column  at  the 
iture  required.  The  last  column  gives  tlie  limits  of  tem- 
e  between  which  the  formulae  hold  true. 


8p.Gr. 

h 

limHiof 
Ttmptntvmm 

1.0000 

Ul«  ID* 

15.332 

—0.0286 1 

Oto   sl 

0.7370 

5.400 

0.0254 1 

—6  to    35 

il,              0.9150 

7.461 

— 0.0105  < 

15  to  150 

irpentine,  0.8902 

6.760 

— 0.0167  < 

17  to  137 

0.8208 

6.050 

— 0.0116 « 

—0.000051  ^ 

Oto   75 

ic  Acid,     1.840 

8.400 

—0.0153  t 

—0.000094  ^ 

12  to   90 

.)  Spheroidal  Condition  of  Liquids.  —  Wlieii  the  adhe- 
a  liquid  to  a  solid  surface  is  more  than  twice  as  great  as 
lesion  between  its  particles,  it  spreads  over  the  surface  of 
d  and  wets  it  (185).  If,  however,  the  force  of  adhesion 
;han  this,  the  liquid  forms  in  drops,  which  roll  round  on  » 
d  surface  like  drops  of  mercury  on  glass,  or  drops  of  water 
i  paper.  The  form  of  these  drops  is  determined  by  the 
)f  three  forces ;  first,  the  cohesion  of  the  particles  of  the 
secondly,  the  adhesion  of  the  liquid  to  the  solid,  and 
xravity.  When  very  small,  the  drops  are  sensibly  spher- 
ut  as  they  increase,  the  sphere  becomes  flattened  by  the 
)f  gravity,  and  they  assume  a  spheroidal  shape.  Hence 
under  these  circumstances,  are  said  to  be  in  a  spheroidal 
3n.  Since  most  solid  surfaces  are  wet  by  water,  alcohol, 
ailar  liquids,  the  spheroidal  condition  is  their  exceptional 
but  it  is  familiar  to  us  in  the  cases  just  mentioned,  and 
ral  others.    As  the  effect  of  heat  is  to  diminish  both  the 

31 
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cohesive  and  adhesive  forces,  we  can  easily  conceive  how  it  nij 
so  far  alter  their  relative  values  as  entirely  to  change  the  retfr 
tious  of  a  liquid  to  a  solid  surface.  This  result  is  readily  ob- 
tained with  water,  alcohol,  and  similar  liquids,  which,  at  tk 
ordinary  temperature,  wet  metallic  surfaces. 

It  will  hereafter  be  shown,  that  we  cannot  heat  a  liquid  in  Ae 
open  air  above  its  boiling  point,  and  hence  we  cannot  diminish  the 
cohesive  force,  except  to  a  limited  extent;  while, on  the  other haud, 
we  can  heat  tlie  metals  to  a  far  higher  temperature,  and  thus  di- 
minish the  adhesion,  until  the  force  becomes  less  than  twice  tint 
of  cohesion,  when  the  liquid  will  assume  the  spheroidal  stat& 
Thus,  for  example,  if  water  is  dropped  into  a  metallic  vessel  heat- 
ed above  171**  C,  it  rolls  along  the  surface  of  the  metal  like  mc^ 
cury  on  glass,  and  remains  in  that  state  until  the  temperature  fiilb 
to  142° ;  then  it  moistens  the  metallic  surface,  and  evaporata 
rapidly.  Alcohol  acts  in  the  same  way  when  the  temperature  of 
the  vessel  is  above  134°,  and  ether  when  it  is  above  01°.  The 
tcmf)erature  of  the  liquid  itself,  under  these  circumstances,  is 
nearly  constant,  being  always  several  degrees  below  its  boiling 
point :  thus  96.5  is  the  temperature  of  water,  75.8  that  of 
absoliito  alcohol,  34.2  that  of  ether,  and  — 10.5  that  of  liquid 
sulphurous  acid.  The  temperature  of  the  liquid  may  there- 
fore be  several  hundred  degrees  below  that  of  the  metallic 
vessel,  as  is  well  illustrated  by  liquid  sulphurous  acid,  which  in 
the  splieroidal  state  retains  a  temperature  10.5  degrees  below 
the  freezing  point  of  water,  even  when  the  metallic  crucible 
containing  it  is  visibly  red-hot.  If  water  is  slowly  dropped 
into  this  singular  liquid  under  these  circumstances,  it  is  at  once 
congealed,  thus  exhibiting  the  apparent  paradox  of  freezing 
water  in  a  red-hot  crucible. 

One  of  the  most  instructive  illustrations  of  the  spheroidal  con- 
dition of  water  is  the  rude  method  used  in  laundries  for  testing 
the  degree  of  heat  of  a  flat-iron.  If  a  drop  of  water  let  fall  upon 
it  does  not  boil,  but  runs  along  the  surface  of  the  metal,  the  iron 
is  considered  sufficiently  hot ;  but  if  the  drop  adheres,  and  rapidly 
boils  away,  the  temperature  is  known  to  be  too  low.  We  shall 
have  occasion  to  return  to  this  subject  in  the  chapter  on  Heat. 

(193.)  Examples  and  Illustrations  of  Capillarity. — One 
of  the  most  familiar  examples  of  capillary  action  is  seen  in 
the  wicks  of  lamps  and  candles.     These  consist  of  very  fine 
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'Qgetable  tubes,  through  which  the  oil  or  melted  combustible  is 
tlerated  to  the  flame,  aud  •  supplied  as  fast  as  it  is  burnt.  This 
ame  principle  also  influences  the  circulation  of  the  liquid  juices 
n  the  porous  tissues  of  organized  beings,  and  it  is  the  principal 
neans  by  which  water,  with  the  substances  it  liolds  in  solution,  is 
mpplied  to  the  growing  plant.  It  is  the  capillary  action,  which, 
luring  the  droughts  of  summer,  draws  up  to  tiie  surface  of  the 
Goil  the  water  necessary  for  vegetation,  which  had  penetrated  into 
t  during  the  heavy  rains  of  spring.  When  the  water  holds  salts 
lH  solution,  these  are  deposited  as  it  subsequently  evaporates, 
Ebrming  those  incrustations  which  are  frequently  seen  on  the 
brick  walls  of  old  houses  and  on  the  surfaces  of  saltpetre  beds. 

The  laws  of  capillary  action  furnish  the  explanation  of  many 
other  remarkable  phenomena.     A  platinum  wire  will  float  on  the 
Borface  of  mercury,  although  its  specific  gravity  is  very  much 
greater  than  that  of  the  liquid  metal.     80  also  a  very  fine  metal- 
lic wire,  which  has  been  slightly  greased  by  passing  it  l)etween  the 
fingers,  can  be  made  to  float  upon  water,  and  the  same  is  true  of 
Biany  metallic  powders.     This  singular  result  is  explained  by 
the  fact,  that  the  floating  body  is  not  wet  by  the  liquid,  and  con-    « 
tequently  there  forms  around  it  a  meniscus,  which  displaces  a 
large  volume  of  liquid  in  comparison  with  that  of  the  solid ; 
and  since  the  volume  of  water  thus  displaced  weighs  as  much 
is  the  floating  body,  it  cannot  sink.     There  are  some  insects 
vhich  walk  on  the  surface  of  water,  but  which  would  almost 
entirely  sink  in  the  liquid  were  it  not  tliat  the  capillary  depres- 
aon  formed  by  their  extended  feet  (which  are  kept  from  being 
wet  by  a  greasy  coating)  displaces  a  weight  of  water  equal  to 
that  of  the  insect. 

(194.)  Absorption.  —  The  power  which  porous  solids,  like 
wood,  cloth,  paper,  or  animal  membrane,  possess  of  absorbing 
liquids,  is  also  a  phase  of  capillary  action.  These  solid  bodies 
aie  filled  with  minute  channels,  into  which  the  liquid  is  drawn 
with  great  force,  as  before  explained.  We  may  gain  an  idea  of 
the  intensity  of  this  force  by  reflecting  that  in  a  tube  1  millimetre 
in  diameter  it  is  measured  by  a  column  of  water  80  m.m.  high, 
•nd  hence  in  a  tube  -jiJ^  millimetre  in  diameter  by  a  column  of 
Viter  8  metres  in  height.  Now  since  the  minute  channels  with 
irtiich  these  porous  solids  are  filled  are  as  small  as  this,  or  even 
toialler,  it  is  evident  tliat  they  will  absorb  water  with  an  almost 
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irTi!mti?>j;»  53rre :  fc««  the  £flnltj  of  pressing  out  the  liquid 
»fett  h  ha?  one*?  ^wea  imbibed.  In  mauj  cases  the  absorfh 
tkn  -rf"  &  Sjftid  »  aionidfd  with  an  increase  of  volume,  and 
tbf?  in^ec-srr  ?€  rf«  ^piDarv  fiirw  is  rendered  evident  by  the 
eipLztjiT*  ro^n*r  wil.*  is  thus  exhil>ited.  A  common  method 
of  fc-iimi:?  znniw  rock  eocKsts  in  drilling  a  number  of  holes 
alocz  zbn  tsii?  o(  frartiir?.  and  sabeequeuUv  plugging  them  up 
wiin   irr  wyyL     Wn^r  is  then  poored  over  the  plugs,  which 

■n>?  an»-:- :  rf  lion:  i  absorbed  br  a  given  solid  varies  with  the 
na:ir^  -x'  tb?*  LouM  tt»i :  thns  it  has  been  found  that  100  parts 
l-y  W'ii'^j.i  of  ;'i??  diiid  bliAier  of  an  ox  absorbed  in  twenty-four 
bour^ 

2^>S  rorts  of  wire  water, 

1:V>      -         water  saturated  with  common  salt, 
:>S      -         alcohol.  S4  per  cent. 
17      -         lone  oil. 
It  hs5  also  K^?n  found,  that,  if  the  bladder  saturated  with  oil  is 
soake^i  in  water,  the  oil  is  after  a  while  entirely  replaced  by  water, 
and  by  as  much  water  as  the  bladder  is  capable  of  absorbing. 
Tbr?:$o  f:icts  indicate  not  only  that  porous  solids  exert  an  unequal 
attriciioa  for  difToivut  liquids,  but  also  that  they  attract  most 
poworfully  ilKv?e  of  which  they  abeorb  the  greatest  volume. 

In  coniiociioii  with  these  facts  may  be  mentioned  the  singular 
pRwny  wliich  many  kinds  of  charcoal  possess,  of  absorbing  colo^ 
iiig-maiter?  and  ot!icr  organic  principles.  Thus,  if  water  colored 
by  liiinns  is  shakon  up  with  pulverized  charcoal,  nearly  the  whole 
of  f.io  ooloriiiir-matter  will  be  n^tained  by  the  charcoal,  and,  oii 
fiU.  ring,  t!io  liquid  will  run  through  colorless.  A  variety  of  char- 
coal called  bone-black  p>>sesses  this  power  in  a  high  degree,  and 
is  used  for  removing  the  color  from  tlie  brown  syrups  in  the  pro- 
cess of  refilling  >ug*.ir.  T!ie  syrups  are  filtered  through  a  layer  of 
charooAl  twohv  or  tliirt  *-?n  feet  in  thickness,  contained  in  ataD 
iron  cylinder,  and  are  thus  obtained  perfectly  colorless.  Bone- 
black  is  prepareil  by  calcining  bones  in  close  vessels,  and  does  not 
contain  more  than  one  tenth  or  one  twelfth  of  its  weight  of  char- 
coal :  the  remainder  consists  of  earthy  matter,  chiefly  phosphate 
of  lime.  Wheilier  tlie  peculiar  property  under  consideration  is 
due  to  the  charcoal  alone,  or  whether  it  is  also  shared  by  the 
earthy  salts,  is  not  known.     Other  animal  substances,  espcciallj 
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iried  blood,  furnish  when  calcined  a  charcoal,  which,  if  well 
rashed,  is  even  more  efficacious  than  bone-black,  and  the  addi- 
ion  of  carbonate  of  potash  to  the  mass  before  calcining  still 
urther  increases  the  decolorizing  power  of  tl^  charcoal. 

The  absorbing  power  of  charcoal  is  not,  however,  confined  to 
he  coloring  principles  alone.  Many  inorganic  substances  when 
11  solution,  especially  of  fccblo  solubility,  are  absorbed  in  the 
loma  way.  Professor  Graham  has  shown  that  this  is  the  case 
Rrith  the  metallic  oxides  when  -dissolved  in  potash  or  ammonia, 
liid  with  arsenious  acid  when  dissolved  in  water.  It  is  also  true 
»f  most  organic  extractive  matters.  Thus,  if  porter  is  filtered 
tlirough  lampblack,  it  will  be  found  to  have  lost  the  greater  part 
of  its  bitterness,  as  well  as  its  color,  and  in  the  preparation  of 
organic  extracts  much  of  the  active  principle  is  lost,  if,  as  is  not 
uiifrequently  the  case,  the  liquid  is  digested  witli  animal  char- 
coal for  the  purpose  of  removing  the  color. 

(195.)  Solution.  —  When  the  adhesion  of  a  liquid  to  a  solid  is 
sufficiently  strong  to  overcome  the  force  of  cohesion,  the  solid 
enters  into  solution ;  that  is,  it  difiuses  throughout  the  mass  of 
the  liqiiid,  without  destroying  its  transparency.  Thus  salt  or 
sugar  dissolves  in  water,  resins  dissolve  in  alcohol,  fats  dissolve  in 
ether,  and  most  of  the  metals  dissolve  in  mercury.  The  solvent 
power  of  a  given  liquid  for  different  solids  varies  almost  indefi- 
nitely. Tims  sulphate  of  baryta  is  almost  insoluble  in  water ; 
sulphate  of  lime  dissolves  in  the  proportion  of  about  one  part  in 
400  parts  of  water,  and  sugar  in  one  third  of  its  weight  of  water, 
▼Idle  hydrate  of  potassa  may  be  dissolved  in  this  liquid  to  almost 
any  extent. 

If  we  add  a  solid  body,  in  successive  portions,  to  a  liquid 
capable  of  dissolving  it,  we  find  that  the  first  portions  disap- 
pear very  rapidly,  but  each  succeeding  i>ortiou  dissolves  less 
lapidly,  until  at  length  a  point  is  reached  when  the  eolid  is  no 
Wnger  dissolved.  The  liquid  is  then  said  to  bo  saturated  with 
fte  particular  solid.  It  would  appear  that  tlic  adhesion  of  the 
li|uid  liad  the  power  of  overcoming  the  cohesion  of  the  solid  to 
*  limited  extent,  mitil  the  two  forces  were  i:i  a  condition  of 
^uilibrium.  A  liquid,  however,  which  is  saturated  with  one 
*Qbstancc  may  still  continue  to  dissolve  others. 

Tlie  solvent  power  of  a  given  liquid  for  the  same  solid,  as  a 
jlmeral  rule,  varies  very  greatly  with  tlie  temperature,     ^'ince 

31* 


^--. 


i-z-ri:  :r:-  i-  v.  T-r-ii^i.  :'.  -  :-r*.^  of  Oi>he?ion.  we  should  natanllf 
^i:^.:  ::.i:  ii  '-■>-.i  L-.r-rw?-:  ii.e  «->lvt?iii  fiower  of  a  liquid, aud 
■ff-r  !::-i  ".Li:  i.'.  =:■>:  -i-i-r?  :;  •!>/*.  There  arc,  however,  many 
•:r!-:!:-j  r:i.>^-r-:>  to  ii.l?  rd-?.  Tims  water  at  tlie  freezinir 
:•.!:::  :>'.■>■.-  l.-.  .:>  :•*-:•.?  a?  ni;ii?h  Ihne  as  it  does  when  Iwiliiur; 
ii'.i  i:.  lik-:  11.^:.:.  r  j^ili-'iiut-?  of  limo.  citrate  of  lime,  siilpliateof 
iji:*:\i:.u:n.  i:.I  -  v..-r:u  •.•:':i*?r  sub>lances,  are  known  to  be  inure 
r'l'.'i  !■?  :;.  •_■  .  i  :. -:*  i:;  li«:«:  water. 

T:>.'  iiii.rvj-:  v:'5^:»bi'!.:*:;y  with  the  temperature  is  very  uii(K|iial 
i:i  Jin^T*:;!:  c^*-.->.  Tl:-.-  sihiViiHrv  of  common  salt  soarcek  in- 
rT«'.'i :••.'>  i-.':w-.-..-ii  •>'  and  l'."«r.  Thus  100  parts  of  water  dissolve 
at  t!i'.*  Mni::::;ry  t'/inji-Taiuiv  30  parts  of  common  sah,  and  at  the 
iMjiliiiL'  j»"::ii  a  l::;!.'  ovi.-r  00  parts.  With  a  few  salts  the  increase 
of  h'Jnl'ility  i?  «.-xat:tly  jirojxirtional  to  the  temj>erature,  and  may 
\tf:  n.*pr'.->«':it».'d  by  the  general  formula,  S  =  A  -\-  Bt^  in  which 
A  r•■J^^^•^«.^it^  th'_'  suluhility  at  0',  and  B  the  increase  of  solubility 
for  ♦•lu.'h  d'rtrn/e  of  tenijK^rature.  This  is  the  case  with  the  fol- 
lowiiitr  three*  salts.     One  hundred  parts  of  water  dissolve  at  t\ 

Puts, 
of  Stilpliate  of  Potash,  5  =    8.3G  +  0.1741  f, 

"  Chlori.le  of  rota-s-^ium,  ^S  ==  20.23  -\-  0.2738  /, 

^  Chlori.lc  of  Barium,  S  =  32.G2  +  0.2711  ^ 

III  ni()st  cases,  however,  the  solubility  increases  more  rapidly  than 
file  teni|K  rature.  This  is  the  case  with  common  nitre,  as  may  l»e 
seen  in  tbe  followinjz:  tablo,  iu  which  the  solubilities  both  of  nitn' 
ninl  riiloride  of  jjotassium  are  given  side  by  side  for  every  20*  ix^ 
t\v<M'ii  Ihe  fnM'zing  and  ])oiling  points  of  w^ater. 

(■/Jtfritle  oj  J*ufa.ssiutn.  Nitre* 

0  L>!).23 

I'O  3 1.70 

10  -lo.is 

HO  :.i.i4 


Temperatare. 

LiOofWal 

0 

0 

13.32 

20 

31.70 

40 

C3.97 

60 

110.33 

80 

170.25 

100 

5.17  "  ^^•^-'  18^8 
5.  IS  20  31.70  32^; 

^>.I8  ^^  .4^-^^  59.92 

5. 18 


too  :){\x,'2 

SiniM'  ibi*  solubility  of  a  salt  is  always  some  function  of  the  tern- 
|M'r;ihire,  it  run  in  every  case  iKicxpivssed  by  the  general  formula. 
Mili»  \\birh  every  alirebraie  funetion  may  be  developed: 

>•  ^  A  +  Bt+  Ct^  +  Dr  -f  etc.  [130.] 
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fhia  formula,  ^  is  the  solubility  at  0°,  and  B,  C,  D,  &a.  are 
orical  coeflicieuts,  which  can  be  eauly  calculated  in  any  given 
I  from  the  results  of  experiment.  Thus,  for  example,  100 
ts  of  water  dissolve  at  tlie  temperature  t  an  amount  of  nitre 
resented  by 

S  =  13.32  -f  0.5738 1  +  0.017168  ('  +  0.0000035977  (', 
.  of  nitrate  of  baryta  an  amount 

S  =  5.00  +  0.17179 1  +  0.0017406  (*—  0.00000:0035  (•. 
!  values  of  the  coefficients  of  tlie  powers  of  i  are  calculated 
substituting  in  the  general  equation   [130]  the  value  of  A, 
.  also  the  values  of  S  and  (,  for  each  temperature  at  which 

solubility  has  been  determined.  We  shall  thus  obtain  as 
ay  separate  equations  as  tliere  are  separate  determinations, 
[,  by  comhimng  them  together  according  to  the  well-known 
thods  of  algebra,  we  can  easily  calculate  the  coefficients  re- 
red.  It  is  evident  that  we  can  only  ascertain  as  many  co- 
cients  as  there  are  equations,  and  also  that  the  resulting 
mula  is  purely  empirical,  and  can  only  be  trusted  for  tem- 
'atures  between  those  at  which  the  experiments  were  made. 
Fhe  solubility  of  a  salt  at  different  temperatures  can  be  also 
pressed  graphically,  according  to  the  method  of  analytical 
ometiy,   as   represented   in   Fig.  326.     The  horizontal   axis, 


Fi(.  a2e. 


ch  corresponds  to  the  axis  of  abscissas,  is  divided  into  equal 
s,  wliicli  indicate  degrees  of  temperature,  and  tlie  vertical 
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axis,  which  corresponds  to  the  axis  of  ordinates,  is  also  divided 
into  equal  parts,  wtiich  indicate  the  number  of  grammes  of  salt 
soluble  at  the  given  temperatures  in  100  parts  of  water.  In 
order  to  form  the  curve,  we  fix  as  many  points  as  possible  from 
the  experimental  data,  and  then  through  the  points  tlius  deter- 
mined we  draw  a  line,  which  is  the  curve  required.  We  can  nov, 
by  inspection,  easily  determine  the  solubility  of  the  salt  at  auj 
temperature  which  is  within  the  limits  of  our  experiments.  Sup- 
pose, for  example,  we  wish  to  know  the  solubility  of  nitre  at  4(f , 
we  follow  up  the  vertical  line  marked  40°  until  it  crosses  the 
curve ;  and  then,  opposite  to  the  point  of  mtersection,  we  find  on 
the  axis  of  ordinates  the  number  64,  indicating  that  at  thistenh 
pcraturo  64  parts  of  salt  dissolve  in  100  parts  of  water.  Such 
curves  convey  at  a  glance  a  general  idea  of  the  law  which  the 
solubility  of  a  given  salt  follows,  and  also  the  relative  solubility  of 
different  salts  at  any  given  temperature.  Thus  it  will  be  noticed 
that  the  curve  of  common  salt  is  a  straight  line  parallel  to  the 
horizontal  axis,  indicating  that  its  solubility  does  not  vary  with 
the  temperature.  The  curves  of  chloride  of  barium  and  chloride 
of  potassium  are  also  straight  lines,  inclined  at  a  certain  angle 
to  the  horizontal  axis,  showing  that  the  hicrease  of  solubiUty  is 
directly  proportional  to  the  temperature.  The  curve  of  sul- 
phate of  magnesia  is  also  a  straight  line,  but  more  inclined  to 
the  horizontal  than  the  last,  proving  that  the  solubility  of  this 
salt  increases  proportionally  to  the  temperature,  but  at  a  more 
rai)id  ratio  than  that  of  the  last  two.  The  curves  of  nitrate 
of  baryta,  of  chlorate  of  potassa,  and  of  nitrate  of  potassa,  in- 
dicate that  their  solubility  increases  more  rapidly  than  the  tem- 
perature, and  according  to  very  different  laws.  Lastly,  it  viU 
be  noticed  that  the  order  of  relative  solubility  of  the  tlu^  salts, 
sulphate  of  potassa,  nitrate  of  baryta,  and  chlorate  of  potassa,  is 
completely  inverted  in  passing  from  35**  to  55*". 

The  relative  solubility  of  chemical  compounds  is  one  of  the 
most  ini|K)rtant  circumstances  in  determining  chemical  change; 
and  it  can  he  easily  seen  how  important  these  tables  of  curves 
must  he  to  the  chemist.  Unfortunately,  full  determinations 
of  the  solubility  ot  substances  at  different  temperatures  have 
only  \hhmi  made  in  a  few  cases,  and  these  have  been  mostly 
limited  to  sohihilitv  in  water. 

Vvmn  a  knowledire  of  the  solubility  of  a  solid  in  one  liquid, 
wo  can  draw  no  conclusions  in  regard  to  its  solubility  in  an- 
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oAer,  and  this  is  also  true  in  regard  to  the  law  according  to 
wliich  the  solubility  changes  with  the  temperature.  This  gener- 
ally differs  entirely  for  different  liquidH,  even  when  the  solid  is 
the  same,  and  must  therefore  be  determined  separately  for  each. 
In  several  cases  the  solubility  of  substances  has  been  deter- 
mined both  above  and  below  their  melting  point ;  but  no  sud- 
den change  of  solubility  has  been  noticed  at  this  point,  as  might 
hare  been  expected.  Thus  the  melting  points  of  spermaceti, 
paraflSne,  and  of  several  other  similar  solids,  are  below  the  boil- 
ing point  of  alcohol,  so  that  we  can  dotermiDc  the  solubility  of 
these  substances  in  alcohol,  both  above  and  below  their  melting 
points.  In  each  case,  the  solubility  has  been  found  to  increase 
grmdoally  throughout  the  whole  range  of  temperature,  and  the 
melting  of  the  solid  does  not  appear  by  itself  alone  to  produce 
mtij  change. 

(196.)     Determination  of  Solubilities.  —  In  order  to  deter- 
mine the  solubility  of  a  substance  at  a  given  temperature,  a 
mitnrated  solution  is  first  prepared  at  the  temperature  required. 
^Ihis  may  be  prepared  in  one  of  two  ways.    We  may  either  keep  the 
liquid  in  contact  with  a  large  excess  of  the  solid  for  a  long  time, 
M  die  given  temperature,  until  it  has  dissolved  all  that  it  can,  or 
*ve  may  prepare  a  saturated  solution  at  a  slightly  higher  temper- 
9fatre,  and,  after  having  cooled  it  to  the  required  temperature, 
Ibeep  it  at  that  point  until  the  excess  of  the  solid  has  been  depos- 
ited.   Experiments  have  proved  that  we  obtain  the  same  result 
Jij  both  methods ;  but  in  employing  the  second,  it  is  necessary  to 
like  certain  precautions.     It  has  been  observed,  that  a  liquid, 
ivben  not  in  contact  with  the  solid  particles  themselves,  will 
letain  in  solution  an  amount  of  the  solid  which  is  greater  than 
-    it  can  normally  dissolve  at  the  given  temperature.     But  if  a  few 
I    ctystals  of  the  solid  are  dropped  into  it,  the  excess  will  be  at  once 
lqx»ited.     Violent  agitation  favors  the  separation,  but  we  can- 
M  in  any  case  be  certain  that  the  excess  has  been  completely 
SBmoved  until  after  several  hours. 
Having  prepared  a  saturated  solution,  by  either  of  these  pro- 
mes,  we  next  transfer  a  quantity  of  it  to  a  tared  flask,  and  care- 
My  determine  its  weight,  which  should  be  about  50  grammes. 
~Te  then  evaporate  the  liquid  by  placing  the  flask  over  a  sand- 
ith  or  a  small  furnace,  as  represented  in  Fig.  327,  taking  care 
P  keep  the  neck  of  the  flask,  which  should  be  quite  long,  in- 
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diB!^  St  la  OTigft*  of  ahiHxs  4^'.  zs.  or4er  to  pnroit  loss  bj  s|n(- 
iiiC-  Tlti^  ^^-ricoradfXL  i«  •^xnLnveti  ani3  l«odi  the  water  of  ajf- 
uZIjasTA  aziri  chaz  •:£'  4«/inii»xi  baT^  been  dirren  oC  and  the  alt 
kfi  ±.  1=.  aaiij*LrjiL«  ^ja»irEirxu  Tbe  last  traces  of  moistiiR 
art  >5Sv  r»d>T^i  '•  j  V^jwizii  inxo  the  flask  a  stream  of  diy  lii^ 
tkz*Pia^  a.  -zLi;^  ^^-e  osaefai^i  (•>  the  Dozzie  of  a  pair  of  beOon. 
Wki^c.  zr^  i:k^  '*  '^HfL  w^t  ^-iiA  it.  and  thus  obtain  the  weigb 
</  ±it  atlL J  irj«L«  «al:  w^^h  the  solutioa  contained,  and  fioa 


thb  weight  it  i$  easr  to  calculate  the  weight  of  salt  dissolved  bf 

1(HJ  j^ns  of  water  at  the  given  temperature. 

Let   Us    re: 'resent   the   weieht   of  solution   used   in  our  ex- 

j^erimcnt  l«y  IT,  and  the  weight  of  dry  salt  obtained  bj  IT'. 
W  —  jr  i<  then  the  weight  of  water  which  dissolves  a  weight 
W  of  tlio  anliydrous  salt.     The  amount  of  salt  which  100  parts 

of  water  will  dissolve  may  then  be  ascertained  by  the  proportion, 

W  —  W  :  ir  =  IM  :  X,  from  which  we  get  X  =  100  yt^. 

If  tlic  salt  contains  water  of  crystallization,  we  shall  wish  to  ca^ 
ciilate  from  tlie  weight  of  the  anhydrous  residue  the  weight  of  ] 
crystallized  salt  which  100  parts  of  water  dissolved  at  the  tem- 
perature of  the  experiment.  Let  us  represent  by  ir  the  weight 
of  water  of  trystallization  with  which  the  weight  W'  of  anhy- 
drous salt  combines.  W^  -|"  ^  ^^cn  evidently  represents  tfw 
weight  of  crystallized  salt  which  was  dissolved  in  the  weight  rfi 
water  W —  (  W'  +  ir).    Hence  we  get  the  proportion,  as  befort^ 

W—W'  —  w:  Tr'  +  t/7  =  100:X,andX=100  ^^+^, 

the  amount  of  crystallized  salt  which  will  dissolve  at  thef  pwi 
temperature  in  100  parts  of  water.  j 
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Instead  of  evaporating  the  solution,  it  is  frequently  more  con- 
enient  to  determine  the  weight  of  salt  dissolved  by  precipitating 
ne  of  its  constituents,  as  in  the  ordinary  method  of  chemical 
aalysis.  Thus  the  amount  of  sulphate  of  soda  in  a  solution 
nay  be  ascertained  by  precipitating  the  sulpliuric  acid  as  sul- 
fate of  baryta,  and  afterwards  collecting  and  wcigliiiig  the  pre- 
ipitate  in  the  usual  way ;  and  the  same  method  may  be  followed 
rith  any  sulphate.  In  like  manner,  tlie  solubility  of  any  chloride 
Q  water  may  be  determined  by  precipitating  the  chlorine  as 
hloride  of  silver.  In  either  case,  from  the  weight  of  the  pre- 
ipitate  wo  can  easily  calculate,  by  the  rules  of  stochiometry,  the 
reiglit  of  salt  which  was  in  solution,  whether  in  an  anhydrous  or 
I  crystalline  condition.  When  a  salt  is  easily  decomposed  by 
leat,  this  chemical  method  of  determining  its  solubility  is  always 
0  be  preferred. 

(197.)  Solution  and  Chemical  Change.  —  Solution  is  gencr- 
l\j  regarded  as  merely  a  mechanical  separation  of  the  particles 
fa  solid,  which  are  diffused  through  the  liquid  solvent.  Thus, 
rhen  sugar  dissolves  in  water,  its  particles  are  diffused  through- 
ut  the  liquid ;  but  they  are  not  supposed  to  undergo  any  essen- 
ial  change,  for  the  syrup  retains  the  sweetness  of  the  sugar,  and 
n  evaporation  yields  solid  sugar,  with  all  its  peculiar  properties. 
0  also  a  solution  of  camphor  in  alcohol  partakes  of  the  proper- 
ies  of  both  substances,  and  when  evaporated  deposits  the  solid 
amphor  entirely  unchanged.  Such  a  change  is  supposed  to  be 
ntircly  mechanical,  and  to  differ  widely  frotn  true  chemical  com- 
ination,  in  which  the  properties  of  the  combining  substances 
re  entirely  merged  and  lost  in  those  of  the  compo\md.  Thus, 
4en  we  add  lime  to  dilute  nitric  acid,  it  apparently  dissolves, 
B  sugar  dissolves  in  water,  and  the  result  is  a  clear  solution  ;  if, 
oirever,  we  examine  the  solution,  we  find  that  the  properties  of 
me  have  disappeared,  and  on  evaporating  it  we  obtain,  not  lime. 
It  a  new  substance  called  nitrate  of  lime.  These  examples 
)uld  seem  to  indicate  that  there  is  a  very  marked  distinction 
tween  solution  and  chemical  combination,  anS  this  conclusion 
apparently  confirmed  by  the  fact,  that  whereas  chemical  com- 
lation  takes  place  most  easily  between  those  substances  which 
J  moFt  unlike,  solution  generally  occurs  most  readily  when 
J  solvent  is  more  or  less  closely  allied  in  its  properties  to 
i  body  dissolved ;  thus  mercury  dissolves  the  metals,  alcohol 


372  CHEMICAL  PHYSICS. 

the  resins,  and  oils  dissolve  the  fats.  But  if,  instead  of  compa^ 
ing  these  extreme  cases,  we  study  the  whole  range  of  chemical 
phenomena,  we  shall  find  that  the  distinction  between  solutiou 
and  chemical  combination  is  by  no  means  so  clearly  marked,  aod 
that  it  is  impossible  to  say  whei'e  the  one  ends  and  the  other  begins. 
In  many  cases,  what  seems  to  be  an  example  of  simple  solution 
can  be  shown  to  be  a  mixed  effect,  at  least,  of  solution  and  chem- 
ical combination ;  and  l)etween  this  condition  of  things,  where  the 
evidence  of  chemical  combination  is  unmistakable,  and  a  simple 
solution  like  that  of  sugar  in  water,  we  have  every  degree  of 
gmdation.  To  such  an  extent  is  this  true,  that  the  facts  seem  to 
justify  the  opinion  that  solution  is  in  every  case^a  chemical  com- 
bination of  the  substance  dissolved  with  the  solvent,  and  tliat 
it  difrei*s  from  other  examples  of  chemical  change  only  in  the 
weakness  of  the  combining  force.  There  are  many  remarkable 
phenomena  connected  with  the  solution  of  salts  in  water,  which 
are  probably  caused  by  the  intervention  of  chemical  afliuity. 

There  are  but  few  anhydrous  salts  which  dissolve  in  wakr 
without  entering  into  chemical  combination  with  it ;  in  sucli 
cases  we  obtain,  not,  properly  speaking,  a  solution  of  the  anhy- 
drous salt,  but  a  solution  of  a  compound  of  the  anhydrous  salt 
and  water.  Tlius,  for  example,  if  we  dissolve  anhydrous  siil- 
I)liate  of  soda  in  wator,  every  44.2  parts  of  the  salt  combhic  wi:>. 
o5.8  parts  of  wati'r,  and  wo  obtain  a  solution,  not  of  Na  0,  i^^U 
but  of  Xa  0,  S  0,  .  10  HO;  and  on  evaporating  the  solutiou  at 
the  ordinary  t{)m])>rAture,  crystals  of  the  hydrated  salt  are  de- 
I)ositcd.  The  water  which  is  thus  combined  with  the  salt  is 
termed  water  of  crystallization.  It  is  combined  in  definite  pro- 
portions, but  is  united  by  so  feeble  an  affinity,  that  it  is  entirely 
driven  olT  when  the  crystallized  salt  is  heated  to  SS"*  in  the  open 
air.  It  is  true  that  it  is  difficult,  and  frequently  impossible,  to 
asc<Mtain  tiie  condition  in  which  a  salt  exists  when  in  solution, 
and  that  the  condition  in. which  it  is  deposited  on  evaporation 
is  not  necessarily  the  same  as  that  in  which  it  was  dissolved. 
Even  in  the  case  just  cited,  it  is  im|>ossible  to  determine  with 
certainty  whether  the  hydrated  salt  exists  as  such,  in  solution, 
or  whether  it  is  fii-st  formed  at  the  moment  of  crystallization- 
i^evoral  facts,  however,  seem  to  support  the  first  hypothciis. 

On  examining  the  curve  of  solubility  of  anhydrous  sulphate 
of  soda  (Pig.  i>,L>8),  it  will  be  noticed  that  the  solubilitv  raiWIr 

0  »  • 
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eases  irith  the  temperature  op  to  38°,  where  it  reacbes  its 
dmum,  snd  tlieu  diminishes  as  the  temperature  rises  above  this 
it.  Such  a  sudden  hreak  in  the  continuity  of  the  curve  as 
is  inexplicable,  at  least  vith  our  present  knowledge,  if  we 
pose  that  the  water  holds  iu  Bolution  one  and  the  same  body 
)ag^at  the  whole  range  of  temperature  ;  while  it  is  easily 
'Imned,  if  we  assume  that  the  composition  of  the  salt  in  solu- 
1  changes  with  the  temperature ;  —  for  if,  as  would  naturally 
the  case,  the  solubility  of  the  salt  is  difiereut  in  its  bydrated 


I  its  anhydrous  conditions,  tbo  sudden  change  in  its  solubility 
f  be  caused  by  a  change  of  composition  commencing  at  a  pai^ 
liar  point.  That  this  is  the  case  with  sulphate  of  soda  is 
itantiatod  by  the  fact,  that  tho  sudden  change  in  the  law  of 
solubility  takes  place  at  ZS",  tho  temperature  at  which  the 
nted  salt  loses  its  water  in  the  air.  It  is  not  supposed,  bow- 
r,  that  the  change  of  composition  is  completed  at  that  tcm- 
iture,  but  only  that  it  commences  at  that  point,  and  becomes 
e  complete  as  the  temperature  rises.  Below  33°,  tho  change 
ohibility  ie  owing  to  tlie  natural  effect  of  heat  in  increasing 
solubility  of  the  hydrated  salt.  Above  33°,  tho  change  is 
ixed  effect  of  the  cause  just  mentioned  and  of  tho  change  of 
hydrated  into  the  less  soluble  anhydrous  salt. 
;  is  obvious,  from  what  has  been  stated,  that  the  curve  of 
bility  of  anhydrous  sulphate  of  soda  given  iu  Fig.  328  is  a 
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pure  fiction,  since  below  SS""  it  is  NaO,  SQi .  10  HO,  and  not 
NaO,  S0«,  wliich  is  in  solution ;  and  the  same  is  true  also  of  sol- 
pliate  of  magnesia  and  chloride  of  barium,  both  of  which  form 
crystalliue  compounds  in  water.  Indeed,  in  order  that  sach  a 
curve  should  be  a  representation  of  actual  facts,  it  is  essential 
to  know  in  what  condition  the  salt  exists  in  solution  at  each  tem- 
perature, and  to  calculate  the  solubility  solely  for  the  hydrate 
which  is  known- to  be  present.  A  separate  curve  should  then  be 
constructed  for  each  definite  compound,  between  the  limits  of 
temperature  at  which  it  is  known  to  exist.  This  has  been  done 
in  the  case  of  sulphate  of  soda,  by  Loewel,*  who  has  determined 
separately  the  solubility  of  the  three  compounds  NaO,  S(^ 
Na  0,  SO, .  7  HO,  and  Na  0,  SO, ,  10  HO,  between  the  limits  of 
temperature  at  which  they  are  capable  of  existing.  His  nume^ 
ical  results  are  given  in  the  table  on  page  S75,t  and  from  them 
the  curve  may  easily  be  drawn. 

In  the  case  of  tlie  two  hydrates,  the  table  gives  in  each  in- 
stance the  amount  of  anhydrous  salt  corresponduig  to  the  hydrate 
dissolved,  and  by  comparing  the  three  columns  headed  ^'  anhy- 
drous salt,"  it  will  be  seen  that  the  amount  of  Na  O,  SO,  wbidi 
100  parts  of  water  will  dissolve  at  20**,  for  example,  varies  very 
considerably  with  the  condition  of  hydration  in  which  it  exists. 
It  will  also  be  noticed,  that  the  change  of  solubility  for  each  com- 
pound follows  a  uniform  law  throughout ;  the  solubility  increas- 
ing with  the  temperature  in  the  case  of  the  two  hydrates,  and 
diminishing  with  the  temperature  in  that  of  the  anhydrous  Fait. 
It  is  the  combination  of  these  two  phenomena  which  causes  tlie 
seeming  irregularity  in  the  curve  of  anhydrous  sulphate  of  soda, 
as  determined  by  Gay-Lussac,  and  represented  in  the  figure  alwvc. 
Similar  irregularities,  which  have  been  observed  in  seleniate  of 
soda,  carbonate  of  soda,  and  many  other  salts,  are  probably  to  be 
explained  in  the  same  way,  although  the  subject  has  not  been 
as  yet  sufficiently  investigated  to  furnish  the  data  for  a  satisfac- 
tory conclusion  in  all  cases. 

Loewel,  whose  memoirs  on  the  solubility  of  sulphate  of  fwia 
we  have  just  cited,  has  investigated  with  equal  care  the  solubO- 
ity  of  a  few  otiier  snlts.J     In  the  case  both  of  carbonate  of  soda 

*  Annalcs  .lo  Cirmiie  et  de  Physique,  Tom.  XXIX.  p.  62  ;  Tom.  XXXIII.  p.3W. 

T  IM.l.,  Tom.XLIX.  p.  32. 

t  IbiU.,  Tom.  XXXIII.  p.  334  ;   Tom.  XLIII.  p.  405  ;   Tom.  XLIV.  p.  313. 
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and  sulphate  of  magnesia,  he  found,  very  remarkably,  that  the 
solubility  not  only  differed  for  the  different  hydrates,  but  also 
was  different  for  the  different  states  of  the  same  hydrate.  Thus 
the  salt  NaO,  GO^t  •  7  HO  can  be  obtained  in  two  different  con- 
ditions or  allotropic  modifications,  which  we  may  distinguish  as 
a  and  6,  the  salt  a  crystallizing  in  rhombohedrons,  the  salt  b  in 
tabular  prisms.  Loewel  observed  that  the  solubility  of  the  salt 
was  very  different  in  these  two  modifications,  that  of  a  being  nearij 
twice  as  great  as  that  of  b.  The  table  on  page  377,  which  has 
been  taken  from  the  original  memoir,*  gives  the  solubility  at  dif- 
ferent temperatures,  not  only  of  these  two  modifications,  but  also 
of  the  ordinary  crystallized  carbonate  of  soda,  which  contains 
ten  equivalents  of  water  of  crystallization.  In  the  case  of  each 
salt,  the  corresponding  amounts  of  anhydrous  salt  are  given  for 
the  sake  of  comparison. 

This  table  illustrates  even  in  a  more  marked  manner  than  the 
last  the  fact  on  which  we  have  insisted  so  strongly  in  this  section, 
that  the  solubility  of  a  salt  varies  not  only  with  the  temperature, 
but  also  with  its  state  of  hydration;  and  it  illustrates  an  addition- 
al fact,  that  the  solubility  may  also  be  altered  by  a  mere  change 
of  molecular  condition,  without  any  change  in  composition.  Phe- 
nomena analogous  to  those  just  described  were  also  observed  by 
Loewel  in  the  case  of  sulphate  of  magnesia,  but  for  the  details  in 
regard  to  them  we  must  refer  to  the  original  memoir.f 

(198.)  Supersaturated  Solutions.  —  Water  is  said  to  be  su- 
persaturated when  it  contains  in  solution  more  of  a  salt  than  it 
would  dissolve  if  presented  to  the  salt  at  the  given  temperature. 
That  saturated  solutions  do  not  at  once  deposit  the  excess  of  salt 
which  they  hold  in  solution,  when  cooled  to  a  lower  temperature, 
is  a  fact  familiar  to  every  one  who  has  experimented  on  this  sub- 
ject ;  but  there  can  be  also  no  doubt  that  the  promuient  exam- 
ples, which  are  frequently  cited  as  illustrations  of  this  fact,  are 
to  be  referred  to  the  intervention  of  the  force  of  chemical  affinity 
in  a  manner  similar  to  that  explained  in  the  last  section. 

If  wc  prepare  a  boiling  saturated  solution  of  sulphate  of  soda 
in  a  glass  flask,  and,  having  corked  the  flask  while  the  solution  is 
boiling,  allow  it  to  cool  to  the  temperature  of  the  air,  it  may  b« 


*  Anntilos  de  Chimic  et  de  Physique,  Tom.  XYXTTT.  p.  334. 
t  Ibid.,  Tom.  XLUI.  p.  405. 
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kept  for  months  without  crystallizing ;  but  the  moment  a  glass 
rod  or  a  crystal  of  Glauber's  salt  is  dipped  into  it,  the  whole  mass 
becomes  semi-solid  &om  the  sudden  formation  of  crystals,  which 
ray  out  from  the  solid  nucleus  in  every  direction.  This  singular 
phenomenon  was  formerly  supposed  to  be  similar  to  what  is  C»- 
quently  observed  during  the  freezing  of  water  and  the  solidify- 
ing of  monohydratcd  acetic  acid,  melted  phosphorus,  and  mauj 
other  substances.  It  is  well  known  that  these  liquids,  if  kept 
perfectly  still,  may  be  cooled  several  degrees  below  the  melting 
point  without  losing  their  liquid  condition,  but  that  if  disturbed 
wlien  in  this  state,  they  at  once  become  solid.  These  phenomena 
have  been  referred  to  the  inertia  of  the  particles,  which  tends 
to  retain  the  substance  in  a  liquid  condition  below  the  u^uil 
temperature,  and  the  same  explanation  has  been  extended  to  the 
sudden  crji^tallization  of  sulphate  of  soda,  as  above  described. 

Loewel,  in  the  memoir  already  referred  to,*  has  investigated  <^ 
this  subject  with  great  care.  lie  found  that,  if  a  su{)ersatu- 
rated  solution  of  sulphate  of  soda  is  cooled  to  a  low  tcm[)cra- 
ture,  it  deposits  crystals  containing  seven  equivalents  of  water, 
which  are  much  more  soluble  than  the  ordinary  crystals  of 
Glauber's  saltf  (Na  0,  SO3  .  10  HO).  From  this  fact' he  con- 
cluded that  the  so-called  supersaturated  solution  is  not  a  super- 
saturated solution  of  Glauber's  salt,  but  merely  a  saturated  solu- 
tion of  the  more  soluble  hydrate  (Na  0,  SO3  .  7  HO).  That  the 
solution  is  not  at  all  changed  by  the  deposition  of  the  crystals 
Na  0,  SO3  .  7  HO,  is  proved  by  the  fact,  that,  if  it  is  exposed  to 
the  air  or  touched  by  a  glass  rod,  it  becomes  suddenly  scmi-?oIid 
from  the  deposition  of  Glauber's  salt.  These,  and  a  large  number 
of  additional  facts  which  Loewel  f  has  observed,  all  tend  to  sup- 


♦  Annalos  de  Cliimie  ct  de  Physique,  Tom.  XXIX.  p.  62. 

t  See  tal)lc  on  page  375.  .  ^ 

t  In  a  more  recent  memoir,  Loewel  inclines  to  the  opinion,  that  sulphate  of  sod*     : 
always  dissolves  in  water  as  an  anhydrous  salt,  and  hence  that  in  a  solution  mad* 
with  Na  O,  SO, .  10  HO,  or  Na  0,  SOj  .  7  HO,  none  of  the  water  is  combinetl  cheoii-      ^ 
cally  with  the  salt  as  water  of  crystallization.     Such  a  change  of  views  diKs  not.  how- 
ever, seem  to  1)0  a  necessar\'  inference  from  the  facts  cited,  and,  as  he  admits,  the  net 
hyiK)the<is  leaves  the  unequal  solubilities  of  the  different  hydrates  entirely  unexplain«l-      v 
The  author,  tlien'fore,  <loes  not  think  it  necessary  to  change  the  opinion  expressed     i 
al)ove  in  tlu-  text,  although  it  is  true  that  these  later  investigations  of  Loewel  seem  to 
show  that  uT  «vi  t.uii  temperatures  sulphate  of  soda  exists  in  the  RO-<*alled  supersaturated     - 
solutions  in  an  anhydrous  condition.    See  Annales  de  Chiinio  et  de  Physique,  (3«  Serie,) 
Tom.  XXIX.  p.  32,  and  compare  Jaliresbericht  der  Chimie,  &c.  fur  1857,  S.  321.   S*    .- 
also  an  article  by  Dr.  Hugo  Schiff,  Ann.  der  Chem.  und  Phann.,  Band  CXL  S.  68.      § 
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rt  the  conclusion,  that  in  the  so-called  supersaturated  solution 

sulphate  of  soda  the  salt  exists  iu  solution  combined  with 
ven  equivalents  of  water,  and  does  not  crystallize  until  some 
tnunstance  causes  it  to  combine  with  three  equivalents  more  of 
iter,  and  to  change  into  the  less  soluble  compound  which  we 
ve  called  Glauber's  salt.  What  tlie  circumstances  are  which 
oduce  this  singular  change,  or  in  what  way  they  act,  we  do 
»t  yet  fully  understand.  Some  very  remarkable  facts  in  coii- 
ction  with  it  have  been  noticed  by  Loewel  and  otiiers.  Thus 
glass  rod,  if  heated  and  afterwards  cooled,  loses  its  power  of 
using  the  crystallization.     Alcohol,  if  poured  into  the  flask  so 

to  form  a  layer  over  the  solution,  generally  causes  it  to  crys- 
Uize ;  but  if  previously  boiled,  it  no  longer  produces  this  effect. 

slowly,  however,  withdraws  the  water  from  the  solution,  and 
luses  it  to  deposit  crystals  of  Na  0,  SO3  .  7  HO ;  and  it  was  in 
is  way  that  Loewel  obtained  the  largest  and  purest  crystals  of 
lis  hydrate.    The  opinion  has  been  advanced  by  Lieben,*  that 

is  the  dust  floating  in  the  air,  or  adhering  to  the  glass  rod, 
hich  causes  the  sudden  crystallization  of  supersaturated  solu- 
m ;  and  he  has  endeavored  to  show  that  neither  the  air  nor  a 
»lid  body  will  produce  the  effect  after  they  have  been  freed  from 
list,  by  heating,  by  washing  with  sulphuric  acid,  or  by  any 
ther  means.  This  theory,  although  ingenious,  and  supported 
J  experiment,  does  not  meet  all  the  facts  of  the  case,  and  the 
ibject  requires  further  investigation. 

The  phenomena  of  "  supersaturated  "  solutions,  which  are 
)  marked  in  the  case  of  Glauber's  salt,  have  also  been  noticed  iu 
ie  case  of  carbonate  of  soda,  of  sulphate  of  magnesia,  of  acetate 
f  soda,  of  chloride  of  calcium,  and  of  many  other  salts.t  In  some 
f  these  cases,  they  are  to  be  explained  as  in  the  case  of  Glauber's 
Jts,  by  the  formation  of  a  hydrate  more  soluble  than  the  one 
i^lved,  while  in  others  they  may  be  caused  by  the  formation 

a  more  soluble  modification  of  the  same  hydrate ;  but  the 
k)le  subject  is  still  involved  in  great  obscurity. 

Solids  on  Gases. 

(199.)  Absorption  of  Gases  by  Porous  Solids.  —  If  a  piece 
vell-bunit  boxwood  charcoal  is  plunged  while  red-hot  under 
rcury,  and  when  cold  passed  up  into  a  jar  of  gas  confined  over 

Wicn.  Acad.  Bcr.,  XII.  771  and  1087.  * 

See  the  memoin  of  Loewel,  just  cited. 
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the  same  liquid,  it  will  be  found  to  absorb  the  gas  to  a  greater 
or  less  exteut,  varying  with  the  nature  of  the  gas  used.  Accord- 
ing to  Saussure's  experiments,  one  cubic  centimetre  of  charcoal 
will  absorb  the  number  of  cubic  centimetres  of  the  differeut  gases 
given  in  the  following  table :  — 

Absorption  of  Gases  by  Charcoal. 


Ammonia, 

90  c.  m.* 

Olefiant  Ga-s      . 

.    35  c.  m} 

Chlorohydric  Acid, 

85     " 

Carbonic  Oxide, 

9.4    " 

Sulphurous  Acid,    . 

65     " 

Oxygen,    . 

.     9.2    ^ 

Sulphide  of  Hydrogen, 

55     « 

Nitrogen, 

7.2    « 

Protoxide  of  Nitrogen,     . 

40     « 

Marsh  Gas, 

.    5.0    ' 

Carbonic  Acid,    . 

35     " 

Hydrogen, 

1.7    « 

In  some  cases  the  volume  of  the  gases  thus  condensed  is  less 
than  that  which  they  would  occupy  in  a  liquid  state,  and  as 
a  general  rule,  the  more  readily  a  gas  can  be  condensed  to  a* 
liquid,  the  greater  is  the  volume  absorbed  by  the  charcoal.  It 
will  also  be  noticed,  that  the  above  results  follow  very  nearly  the 
same  order  as  the  solubility  of  the  gases  in  water. 

A  piece  of  freshly  burnt  charcoal,  if  exposed  to  the  air,  oon- 
dejises  the  gases  and  moisture  of  the  atmosphere  to  such  an 
extent,  that  its  weight  frequently  increases  one  fifth  in  a  few  days. 
The  presence  of  condensed  air  in  common  wood  charcoal  can 
easily  be  made  evident  by  plunging  it  under  hot  water.  The 
heat  of  the  water  expands  the  confined  air,  which  is  thus  driven 
out  of  the  pores  of  the  wood,  and  bubbles  up  through  the  water. 
Owing  to  this  absorbing  power  of  charcoal,  water  saturated  with 
maiiy  gases  may  be  freed  from  them  by  filtering  it  through  ivorr- 
black.  Water  impregnated  with  sulphide  of  hydrogen  may  be 
in  tliis  way  so  perfectly  purified,  that  its  presence  cannot  be  de- 
tected either  by  the  nauseous  odor  or  by  the  ordinary  tests. 

This  power  of  absoii)i.ig  gases  is  not  confined  to  charcoal, but 
belongs  in  a  greater  or  Ijss  degree  to  other  porous  solids.  The 
following  table  gives  the  number  of  cubic  centimetres  of  differeut 
gases  absorbed  respectively  by  one  cubic  ceutimeti-e  of  Mee^ 
schauni,  plaster  of  Paris,  and  silk,  when  the  temperature  is  13° 
and  the  pressure  of  the  air  73  c.  m.  By  comparing  this  table 
with  the  last,  it  will  be  noticed  that  not  only  the  absolute  quan- 
tities of  the  gases  absorbed  are  different  for  different  solids,  but  | 
also  that  the  relative  power  of  absorption  of  these  solids  for  the  j 
different  gases  is  different  in  every  case. 
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Jhuffdon  of  Gaset  hy  Meerschaumy  Pkuter  of  Paris^  and  Silk 

Meerechanm.        Plaster  of  Paris.  Silk. 


Ammonia^ 

15.      c  m.* 

78.1 

Protoxide  of  Nitrogen,  8.75     « 

Carbonic  Add, 

5.26     " 

0.43  c.  m.3 

1.1 

Oxide  of  Carbon, 

1.17     " 

0.3 

Oxygen, 

1.49     " 

0.58     " 

0.44 

Nitrogen, 

l.CO     " 

0.53     " 

0.13 

Hydrogen, 

.44    « 

0.50    « 

0.3 

u 
u 
a 


In  like  manner  the  metals  in  the  state  of  fine  powder,  lead, 
jon,  and  platinum,  for  example,  absorb  gases  in  very  large 
imounts.  The  finely  divided  platinum  called  platinimi-black, 
irhich  is  obtained  by  precipitating  a  solution  of  cldoride  of  plati- 
mun  with  alcohol,  absorbs,  according  to  Doebereiner,  250  times 
its  own  volume  of  oxygen.  The  latent  heat  which  is  set  free  by 
this  great  condensation  is  sufficient  to  ignite  the  metallic  mass. 
Platinum  sponge,  and  even  platinum  plate,  possess  the  same  power, 
ilthough  to  a  less  degree,  and  it  is  probable  that  all  solid  surfaces 
exert  a  similar  influence  to  a  limited  extent. 

Tlie  absorption  of  gases  by  solids  is  very  greatly  influenced 
both  by  the  temperature  and  the  pressure  to  which  they  are 
exposed.  The  higher  the  temperature,  the  smaller  is  the  amount 
rf  gas  absorbed,  and  the  most  efficient  means  of  expellmg  the 
gas  from  a  porous  solid  is  to  expose  it  to  a  red  heat.  It  is  how- 
erer  uncertain  whether  even  in  this  way  we  can  remove  all  the 
gas  condensed  on  the  surfaces  of  solid  substances,  and  at  all 
wents  to  do  this  requires  a  considerable  time.  Charcoal  and 
other  porous  solids  absorb  the  largest  amount  of  gas  only  after 
I  prolonged  ignition  in  a  vacuum.  In  filling  a  barometer  tube 
fte  mercury  is  boiled  in  the  tube  in  order  to  remove  the  air 
Ind  moisture,  not  only  firom  the  mercury,  but  also  from  tlie 
(Oriace  of  the  glass. 

The  greater  the  pressure  to  which  a  gas  is  exposed,  the  great- 
r  is  the  quantity  which  is  absorbed  by  a  solid ;  but  then  the 
ttantity  does  not  increase  so  rapidly  as  the  pressure.  On  the 
Iher  liand,  under  a  diminished  pressure  a  solid  body  absorbs 

less  quantity  of  gas,  but  a  greater  volume.  Hence  it  is  not 
oeBible  by  means  of  an  air-pump  to  remove  all  the  air  from 

porous  solid. 

If  a  porous  body,  which  is  saturated  with  one  gas,  is  put  into 
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a  diffeient  gis,  it  gives  np  a  portion  of  the  gas  whkb  it  M 
first  absorbed,  and  takes  in  its  plaoe  a  quantity  of  tihe  seeoaLj 
Sometimes  the  presence  of  one  gas  increases  tiie  power  oCaj 
solid  for  aVi«or1nng  a  second.     Thus  charcoal  saturated 
oxrgen  will  absorb  more  hydrt^n,  and  charcoal  saturated 
hjdrogen  will  absorb  more  nitrogen,  than  it  would  if  the  ottej 
gas  was  not  present.    But  as  a  general  rule,  the  presenoe 
one  gas   diminishes  the  power  of  a  solid  for  absorbing  othoaj 
Tliiw  charcoal,  which  after  ignition  will  absorb  thirty-five  tineij 
its  volume  of  carbonic  acid,  will  only  absorb  about  fifteen  tii 
its  volume  if  it  has  been  previously  exposed  to  tiio  atmospl 
and  tlius  saturated  with  air  and  moisture. 

From  the   analogous   constitution  of  liquids   and  gases, 
should   naturally  expect  tliat  solids  would  act  on  tliese 
forms  of  fluid  matter  in  an  analogous  way.     The  same 
force  which  attracts  liquids  to  the  surfaces  of  solids  wo  should 
pect  would  ab^  attract  gases ;  and,  moreover,  since  gases 
very  compressible,  we  should  further  expect  tiiat  the  adh( 
would  condense  the  gas  upon  the  surface  in  proportion  to 
strength  of  the  attraction.     Moreover,  as  in  the  case  of  Hquk 
wo  should  expect  that  the  amount  of  gas  adhering  to  the 
face  or  absorbed  into  the  pores  of  a  solid  would  vary  with  thi; 
nature  both  of  the  solid  and  of  the  gas,  with  the  extent  of  the 
Kurfaco,  with  the  fineness  of  the  pores,  and,  lastly,  with  the  torn- 
lM»ratnrc,  l)ecoming  less  as  the  temperature  rose. 

Th(^  phenomena  just  described,  it  will   be  noticed,  coincids 
p<M*f(»ctly,  as  far  as  they  go,  with  these  natural  inferences,  tlius 
^ho^ving  that  thoy  arc  merely  phases  of  adhesion  and  capillaif 
nrlion.      The  force  of  surface  attraction,  and  hence  the  amount 
of  gas  al)sorl>ed,  varies  even  more  markedly  than  in  the  case  of 
li(|ui(ls,  both  with  the  nature  of  the  solid  and  that  of  the  gas.  '. 
It   varios  also  with  the  extent  of  the  surface;  and,  other  tliinff  i 
M\\\i  (Mpial,  it  is  giTatest  with  porous  bodies  or  fine  [wwders,  wliiA  i 
o\|H»so  tho  jrrvnitest  Surface;  finally  heat,  which  lessens  the  i*^  I 
trartivo  foivo,  diminishes  the  amoimt  of  gas  absorbed  by  asolidf  j 
as  it  iloos  tho  amount  of  liquid.    There  are,  it  is  true,  phenomeni 
tHinntvtod  with  the  adhesion  of  gases  to  solids  which  liquids  do 
not  pivstMit,  but  those  are  such  as  may  be  supposed  to  arisO 
fwww  tho  sjHvial  law  of  compressibility,  which  all  gases  obey. 

*riio  phonomona  dosiTilied  in  Uiis  section,  like  those  both  <jf 
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AfpiUaritj  and  solution,  are  greatly  influenced,  it  will  be  noticed, 
ly  the  chemical  .nature  of  the  bodies  concerned,  and  in  fact 
Mss  by  insensible  gradations  into  those  which  we  should  class 
feanong  purely  chemical  changes.  Like  most  phenomena  which 
Occupy  the  debatable  ground  between  chemistry  and  physics, 
Acy  present  great  complexity,  and  are  difficult  to  investigate, 
E^)  that  our  knowledge  in  regard  to  them  is  exceedingly  in- 
somplcte.* 

Tliere  are  many  phenomena  besides  those  of  absorption  which 

ftre  connected  with  the  adhesion  of  gases  to  solids.     The  fact 

that  iron  filings,  and  many  other  fine  |)owdcrs,  sifted  over  the 

surface  of  water,  will  float,  though  very  much  heavier  than  the 

Bqnid,  has  already  been  mentioned.     This  was  then  explnined 

fcf  tlie  principles  of  capillary  action.     The  water  is  prevented 

tma  wetting  the  solid,  and  therefore  forms  around  the  paitick»s 

9  concave  meniscus  which  buoys  them  up.     But  it  is  solely  the 

"Am  film  of  air  adhering  to  these  particles  which  prevents  them 

Aom  becoming  wet,  when  they  would  at  once  sink.     The  same 

4  true  also  of  the  platinum  wire  floating  on  mercury,  and  of 

•flier  seemingly  paradoxical  phenomena.     In  all  cases,  if  the 

fiquid  is  boiled,  the  film  of  air  is  removed  and   the   paradox 

isappears. 

Liquids  on  Llqvidn, 

(200.)  Liquid  Diffusion.  —  As  a  general  rule,  tlie  adhesion 
tetween  the  particles  of  different  liquids  is  so  much  greater  than 
tie  cohesion  between  tlieir  own  molecules,  that  they  may  be  mixed 
together  in  any  proi>ortion.  This  is  not,  however,  always  tlie 
5Clse;  for  after  the  liquids  have  been  mixed  to  a  limited  extent, 
ic  cohesion  may  balance  the  adhesion,  and  the  li([uids  will  then 
te  mutually  saturated.  Thus  ether  and  water  cannot  be  mixed 
hdcfinitcly,  and  if  shaken  up  together,  they  will  separate  in  a 
great  measure  on  being  allowed  to  stand,  the  water  dissolving 
•ily  alK>ut  one  eighth  or  one  tenth  of  its  bulk  of  ether,  and 
fte  ctlier  dissolving  about  the  same  amount  of  water.  So  oIfo 
fte  volatile  oils,  if  shaken  up  with  water,  separate  from  it  al- 
>»08t  entirely  if  the  mixture  is  allowed  to  stand,  although  the 
Wcr  retains  in  solution  a  sufficient  amount  to  acquire  the 
flavor  and  odor  of  the  essence. 

*  See  a  recent  paper  by  Quincke,  Pogg.  Ann.,  CVIII.  326. 
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The  teodenoy  of  liquids  to  mix  vith  eadi  other  hu  Iwa 
termed  liquid  difiusion,  and  can  be  made  evident  hy  a  Bin^ila 
experiment.  A  tall  glass  jar  is  about  two  tiiirds  filled  vitlt  ■ 
solution  of  blue  litmus,  and  then,  by  means  of  a  tube  ftuuHl 
reaching  to  the  bottom,  oil  of  vitriol  is  cautiously  poured  in,  m 
as  to  occupy  the  lower  portion  of  the  jar.  The  plane  of  aefin- 
tion  of  the  two  liquids  will  be  at  first  distinctly  marked,  fial 
this  will  soon  disappear :  the  colored  water  will  sink,  aod  tht 
acid  will  rise,  uutil  the  two  liquids  have  become  perfectly  ioecr 
porated.  This  will  require,  bowever,  two  or  tiiree  days,  and,  if 
watched  at  intervals,  the  progress  of  the  difiusion  may  be  (need 
by  the  gradual  change  of  color  in  the  water  from  blue  to  nd, 
commencing  at  die  bottom  and  slowly  progressing  towards  Ibt 
top.  A  similar  experiment  can  be  made  witli  alcohol,  or  with 
brine,  and  water ;  alBO  with  oil  of  turpentine  and  alcohol,  tad 
indeed  with  almost  any  two  liquids  which  differ  cousiderablf  in 
tlieir  specific  gravities.  By  coloring  one  of  the  liquids,  the  pro- 
cess may  be  readily  traced. 

(201.)  Experiments  of  Professor  Oraham.' — The  snbjectof 
liquid  difHision  has  been  investigated  with  care  in  r^ard  to  Wr 
line  solutions,  and  we  are  chiefly  indebted  to  Professor  GrahiB 
of  London  for  our  knowledge  on  the  subject.  His  experiments 
were  made  with  a  very  simple  apparatus.  "  It  consUted  of  a  set 
of  phials  of  nearly  equal  capacity,  cast  in  the  same  mould,  and 
further  adjusted  by  grinding  to  a  uniform  size  of  aperture.  The 
pliials  were  3.8  inches  high,  witii  a  neck 
0.5  inch  in  dcptli,  and  aperture  1.25  inch 
wide,  capacity  to  base  of  neck  equal  lo 
2080  grains  of  water,  or  between  4  stid  5 
ounces.  For  each  diffusion-phial  a  pUu 
glass  water-jar  was  also  provided,  4  iucbes 
in  diameter  and  T  inches  deep." '  (Fi^ 
329.) 

The  difliision-phial  was  in  the  first  plu* 

filled  with  the  saline  solution  to  the  bueof 

'"'■  ***■  the  neck,  or,  more   accurately,  to  s  fewJ 

exactly  half  an  inch  below  the  ground  surface  of  the  lip.    Tfc*  : 

neck  was  then  filled  witii  distilled  water,  and  a  li^t  floit 

*  Gnb>ro'«  Elements  of  Cbnnistr^,  edited  b7  Wut*,  VoL  U  p.  SM. 
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K)n  tiie  surikce.  Thus  prepared,  the  phial  was  trans- 
the  jar,  which  was  then  filled  with  water  to  the  height 
h  above  the  mouth  of  the  phial,  which  was  opened  by 
ng  of  the  cover.  This  required  about  20  ounces  of 
!*lie  apparatus  was  then  lefb  undisturbed,  and  kept  at  a 
temperature  for  several  days.  At  the  end  of  the  re- 
ne,  the  diflfusion  was  inten-upted  by  closing  the  mouth 
ial  with  a  ground-glass  plate,  and  the  amount  of  salt 
scertained,  by  evaporating  tlie  water  in  the  jar  to  dry- 
weighing  the  residue. 

;hese  experiments,  and  a  number  of  others  made  in  a 
tanner,  tlie  following  important  conclusions  have  been 

h  solutions  of  the  same  substance,  but  of  different 
,  the  quantity  of  salt  diffused  in  equal  times  is  propor- 
the  quantity  in  solution.  For  example,  four  solutions 
m  salt  were  prepared,  containing,  respectively,  1,  2,  3, 
ts  of  salt  to  100  of  water.  The  experiments  continued 
days,  and  the  quantities  difiused  were  respectively  2.78 
54  grains,  8.37  grains,  and  11.11  grains.  These  num- 
ilmost  exactly  proportional  to  the  first. 
h  solutions  of  different  substances  of  the  same  strength, 
ity  diffused  varies  with  the  chemical  nature  of  the  sub- 
riiis  is  shown  by  the  following  table,  which  gives  the 

grains  of  the  substance  diffused  in  eight  days,  from 
containing,  in  each  case,  20   parts  of  the  solid  dis- 

100  parts  of  water,  and  exposed  to  a  temperature 


? 


Diffusion  of  Solids  in  Solution. 


ib«tBoces  QBed. 

8p.  Or.  al  eOo  F. 

Weight  in  GniiiB  difltuMd. 

te  of  Magnesia, 

1.185 

27.42 

le  of  Sodium, 

1.126 

58.68 

of  Soda, 

1.120 

51.56 

Vitriol, 

1.108 

69.32 

Candy, 

1.070 

26.74 

Sugar, 

1.066 

26.21 

Sugar, 

1.061 

26.94 

Lrabic, 

1.060 

13.24 

eo. 

1.053 

3.08 

33 
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The  substances  have  been  arranged  in  fhe  order  of  the  specific 
gravities  of  tlie  solution,  and  the  table  also  shows  that  there  is 
no  apparent  connection  between  the  amount  of  difiusion  and  the 
specific  gravity  of  the  solution. 

3.  If,  instead  of  comparing  together,  as  in  tlie  last  table,  the 
amounts  of  different  substances  diffused  in  equal  times,  we  com- 
pare together  the  times  required  for  the  equal  diffusion  of  these 
same  substances,  we  discover  some  remarkable  numerical  rela- 
tions. There  exist  classes  of  equi-diffusive  substances,  and,  as  a 
general  rule,  those  substances  which  have  an  analogous  chemical 
composition,  and  crystallize  in  closely  allied  forms,  have  equal 
rates  of  diffusion.  Several  such  groups  have  been  distinguished, 
and  the  rate  of  difiusion  in  each  group  is  connected  with  tlie  rate 
of  diffusion  in  the  other  groups  by  a  simple  numerical  relation, 
as  is  shown  in  the  following  table.  The  first  column  gives  the 
luimbcr  of  the  group,  with  the  name  of  the  most  characteristic 
substance  belonging  to  it.  The  second  gives  the  relative  diffiir 
sion  of  these  substances  in  equal  times,  in  other  words,  Uie  rate 
of  diffusion.  The  third  gives  the  times  of  equal  diffusion ;  and 
the  fourth,  the  squares  of  thbse  times,  which  stand  to  each  other 
very  nearly  in  the  simple  relation  expressed  in  the  last  column. 

f.  Hate  of  TimiNi  of  Eqaa.1         Squares  xiM^n 

""*"P**  Diffusion.  Diffuaion.  of  Time*.  "*^ 

1.  Chlorobydric  Acid,  1.000  8.960  15.682  2 

2.  Hydrate  of  Potash,  0.800  4.950  24.502  3 
8.  Nitrate  of  Potash,             0.565            7.000           49.000  6 

4.  Nitrate  of  Soda,  0.462  8.573  73.496  9 

5.  Sulphate  of  Potash,  0.400  9.900  98.010  12 

6.  Sulphate  of  Soda,  0.326  12.125  147.015  18 

7.  Sulphate  of  Magnesia,  0.200  19.800  392.040  48 

4.  The  rate  of  diffusion  increases  with  the  temperature,  but 
increases  in  an  equal  proportion  for  all  substances,  so  that  the 
ratio  between  the  dilRision  of  different  bodies  is  the  same  for  all 
temperatures. 

5.  If  two  substances,  which  do  not  combine  chemically  »nd 
have  different  rates  of  diffusion,  are  placed  in  the  diffusion-phial, 
they  may  be  partially  separated  by  the  process  of  diffusion,  since 
the  more  diffusible  passes  out  the  most  rapidly,  although  the 
relative  rate  of  diffusion  may  be  somewhat  changed.  ' 

Chemical  decomposition  may  be  even  effected  in  this  way,  one 
ingredient  of  the  compound  diffusing  more  rapidly  than  the  other. 


I 
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ram  a  eolation  of  bisolphate  of  potseh  satarated  at  20°  C  ,  there 
ere  difiueed  in  liftf  days  31.8  parts  of  bisulphate  of  potash,  and 
2.8  parts  of  hydrated  sulphuric  acid.  From  a  solution  of  8 
irts  of  anhydrous  alum  in  100  parts  of  water  there  were  dif- 
leed  in  eight  days,  at  17°.9  C,  6.3  parte  of  alum  and  2.2  parts  of 
ilphate  of  potash  ;  and  other  similar  examples  might  be  cited.* 

6.  The  difiusion  of  a  salt  into  the  solution  of  another  salt 
ikes  place  with  nearly  the  same  yelocity  as  into  pure  water,  at 
»st  when  the  solutions  are  dilute.  Here,  as  in  all  experiments 
n  Kqnid  diffusion,  uniformity  of  action  takes  place  only  in  dilute 
(dution.  As  the  solution  becomes  saturated,  the  cohesion  of  the 
articles  of  the  solid  appears  to  introduce  irregularities. 

7.  "The  velocity  with  which  a  soluble  salt  diffuees  from  a 
tnmger  into  a  weaker  solution,  is  proportional  to  the  difference 
if  concentration  between  two  contiguous  strata."  This  law  haa 
wen  experimentally  demonstrated  by  Prick  in  the  case  of  chlo- 
ide  of  sodium,  but  it  cannot  as  yet  be  regarded  as  completely 
istablished.f 

(202.)  Osmose.  —  When  two  liquids  are  separated  by  a 
parous  diaphragm,  diffusion  may  Btill 
take  place,  although  the  phenomena 
ve  modified  in  a  remarkable  manner 
liv  the  presence  of  the  septum.  This 
is  best  illustrated  by  means  of  the 
■pparatus  called  an  osmometer.  It 
Day  be  constructed  in  various  ways, 
ut  as  represented  in  Fig.  330  it  con- 
sts  of  a  membranous  bag  or  bladder 
lening  into  a  glass  tube,  to  which  it 
fastened  hermetically.     The  bladder 

filled  with  a  concentrated  solution 

common  salt,  and  suspended  in  a 
r  filled  with  pure  water.  Since  the 
umal  membrane  is  readily  penetrat- 
I  by  the  water,  it  is  evident  that 
n  water  on  the  one  side,  and  the 
dt  solution  on  the  other,  must  be  in 
irect  contact,  and  hence  a  diffusion  of 


m'l  CItemiiiry,  VoL  U.  p.  eu. 
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the  salt  most  take  place,  following  the  laiini  iftf  liquid  difonoa 
enunciated  in  the  last  section.  We  should,  tfaerefbrey  expert 
that  the  salt  would  pass  out  into  the  water  of  the  jar,  as  we 
find  to  be  the  case ;  but  the  remarkable  tact  in  connection  irilii 
this  experiment  is,  that  a  volume  of  water  enters  the  bladder 
which  is  very  much  greater  than  could  be  introduced  by  simple 
liquid  diffusion,  amounting  in  some  cases  to  several  hundred 
times  that  of  the  salt  displaced,  the  liquid  slowlj  rising  in  the 
glass  tube  of  the  osmometer  until  it  attains  a  verj  consideiibb 
height.  The  flow  of  water  through  the  membrane  is  termed 
osmose,  and  the  unknown  power  which  produces  it,  osmctie 
foroe.  It  is  a  force  of  great  intensity,  capable  of  supportifig  a 
column  of  water  several  metres  high.  The  first  important  phe- 
nomenon to  be  studied  in  tliis  connection  is  this  remaricable  flov 
of  water.  The  movement  of  the  salt  in  the  opposite  diiectioi 
appears  to  follow  the  laws  of  liquid  difiusion,  and,  according  to 
Oraham's  experiments,  is  not  influenced  by  Uie  presence  of  tbe 
membrane,  unless  it  is  quite  thick. 

We  have  supposed  that  the  bladder  in  this  experiment  eoa- 
tained  a  solution  of  common  salt ;  but  we  may  use  in  its  plaee 
alcohol,  or  solutions  of  cane  sugar,  of  Olauber's  salt,  and  of 
many  other  saline  bodies,  with  precisely  the  same  rosult.  The 
conditions  of  osmose  appear  to  be,  that  the  liquids  aro  capable  of  , 
mixing,  and  that  the  membrane  or  septum  which  separates  diem 
has  a  greater  adhesion  for  one  liquid  than  for  the  other. 

When  the  osmose  takes  place  between  water  and  solutions  of 
salts,  the  quantity  of  salt  which  passes  through  the  membrane 
into  the  water  is  always  replaced  by  a  definite  quantity  of  water, 
and  the  ratio  obtained  by  dividing  the  last  quantity  by  the  fint 
has  been  termed  the  osmotic  equivalent  of  the  salt.  This  ratio 
varies  with  the  nature  of  the  salt,  and  also,  to  some  extent  wt 
tainly,  with  that  of  the  membrane.  It  moreover  increases  wilk 
the  temperature,  but  it  appears  to  be  independent  of  the  deuHf 
of  the  solution.  The  osmotic  equivalent  for  Olauber's  salts,  fir 
example,  when  the  pericardium  of  the  calf  is  used  as  the  wffUBt 
was  found  by  Hoffmann*  to  be  5.1. 

Tlie  action  of  the  septum  in  osmose  has  been  explained  ia 
various  ways.     The  simplest  explanation  which  has  been  giva 

*  Untenachangen  iiber  das  endosmotiscfae  AequTaleiit  des  GlanTwrmliM   GMi 

1858. 
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I  based  on  the  unequal  adhesion  of  the  two  liquids  to  the  porous 
upturn.  Let  us  suppose  that  the  septum  is  a  piece  of  the  blad- 
er  of  an  ox,  and  that  on  one  side  it  is  in  contact  with  alcohol, 
nd  on  the  otlier  with  water.  As  was  stated  (194)  the  mem- 
>rane  has  a  very  much  greater  attraction  for  water  than  for 
Icohol,  and  would  therefore  absorb  the  first  to  the  entire  exclu- 
ion  of  the  second,  were  it  not  for  the  adhesion  between  the  two 
Iquids.  In  consequence  of  this,  the  alcohol  is  slowly  diffused 
through  the  water  contained  in  the  membrane,  which  thus  be- 
comes saturated  with  greatly  diluted  alcohol.  Hence,  on  the 
ride  of  the  membrane  towards  tlie  alcohol,  nearly  pure  water  is 
in  contact  with  strong  alcohol,  and  a  rapid  diffusion  of  the  first 
into  tlie  last  necessarily  results.  The  place  of  the  water  tluis 
escapmg  is  supplied  by  fresh  water,  and  a  current  of  water  is 
thns  established  flowing  in  towards  the  alcohol.  On  the  side  of 
the  membrane  towards  tlie  water,  we  have,  on  the  other  hand, 
Tery  dilute  alcohol  in  contact  with  water,  so  that,  although  dif- 
fusion takes  place,  it  is  very  much  less  rapid  tlian  that  in  the 
opposite  direction.  The  flow  of  the  water  is  then  the  result  of 
two  forces,  —  first,  the  excess  of  the  attraction  of  the  bladder 
for  water  over  its  attraction  for  alcohol,  and,  secondly,  the  diffu- 
tm  force  between  the  two  liquids ;  wliile  the  flow  of  the  alcohol 
i  due  to  the  diffusive  force  alone,  and  must  therefore  be  less 
ftipid. 

Thia  subject  of  osmotic  action  has  also  been  carefully  investio^ated 
^y  Profe:<sor  Graham,  who  has  established  several  iniportaut  facts  in 
elation  to  it. 

The  most  remarkable  conclusion  is,  that  all  substances  may  be  divided 
Uto  two  classes,  which  he  names  crystalloids  and  colloids.  Tlie  first  class 
ve  capable  of  crystallizing,  and  as  a  general  rule  they  form  perfectly 
\md  solutions,  which  have  a  decided  taste.  The  second  class,  on  the  other 
itnd,  are  incapable  of  crystallizing,  and  give  insipid  yi>cu\  solutions, 
rhich  refidily  form  into  jelly.  Hence  the  name  colloid,  from  koXXi;,  glue. 
Horeover,  while  crystalloid  bodies,  like  sugar  or  salt,  diffu^e  with  com- 
lamtive  rapidity,  the  colloids,  such  as  gum,  starch,  caramel,  (relatine,  and 
dbumeo,  are  characterized  by  a  remarkable  sluggishness  and  indisposi- 
km  to  diffusion.  This  fact  is  made  evident  by  the  following  tible,  and 
t  will  be  noticed  that  sulphate  of  magnesia  and  cane-sugar,  which  are 
miODg  the  least  diffusible  of  crystalline  bodies,  diffuse  seven  times  as 
"apidly  as  albumen,  and  fourteen  times  as  rapidly  as  caramel,  both  well- 
narked  cidloids. 

83* 
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Approximate  Times  of  Equal  Diffusion* 

Hydnxhlonc  Acid 1. 

Chloride  oc  Sxiium 2J)S 

C^ne-Sugar 7. 

Sulphate  ot'  Magnesia 7. 

Albumen 49. 

Can&mel 98. 


U[Hxi  this  marked  difference  of  qualities,  Graham  has  based  a  most 
Taluable  method  ot*  separating  the  two  classes  of  bodies  from  each  other, 
which  he  terms  dialjftU.    A  shallow  tray  is  prepared  by  stretching  parch- 
ment paper  (which  is  itself  an  insoluble  colloid)  over  one  side  of  agatta- 
pervha  hoop,  and  holding  it  in  place  by  a  somewhat  larger  hoop  of  the 
same  m:iterial.    The  solution  to  be  dialysed  is  poured  into  this  tray,  which 
is  then  d«.^ied  on  pure  water  in  a  shallow  dish,  the  volume  of  the  water    j 
being  from  six  to  ten  times  greater  than  that  of  the  solution.     Under    j 
these  conditions,  the  crystalloid  will  diffuse  through  the  porous  septum 
into  the  water,  leaving  the  colloid  on  the  tray,  and  in  the  course  of  one     j 
or  two  days  the  se [^ration  will  have  taken  place  more  or  less  coniphlely. 

The  v:ilue  of  this  procetss,  both  in  chemistry  and  pharmacy,  can  be 
readily  undfr^tood.    In  examining  organic  mixtures  for  poisoofl,  ft  Aids 
a  ready  means  of  se|viruting  the  mineral  acids  and  the  vegetable  dkh 
loids  v^U  crystalline  bodies)  from    the  vegetable    colloids,  with  winah 
they  are  mixt>d.  ami  which  would  ob-eure  their  chemical  reactkmi;  and    j 
again  it  tiinushes  an  et|ually  efficient  means  of  freeing  silicic  acid,  eara-    j 
mel.  alhuiurii.  anvl  other  colloid  bodii^,  from  saline  impurities,  whidi  it  is    , 
very  ditfiouU,  if  not  im[H>s6ible,  to  remove  in  any  other  way.     It  is  not    J 
essential  for  the  success  of  this  process  that  the  solution  <^  the  coBoid    -^ 
shouKi  remain  fluid,  for  even  after  the  solution  has  set  into  a  firm  jellj 
the  dit!usioii  will  cvnuiiiue  apj>arenily  as  rapidly  as  before. 

The  btvt-known  c^^lloid  bodies  ^uch  as  gum,  starch,  fruit-jelly,  and   ^^ 
glue,  —  the  tyjH?  of  the  chiss,  —  are  substances  of  organic  origin,  and  this  ^g 
cotuiitloii  of  matters  seems  to  be  especially  adapted  in  the  plan  of  cret'  ^ 
tion  tor  fonuing  the  tis>ues  of  living  beings;  but  there  are  also  naoj 
inorg:imc  ct.>lloids,  and  one  at  least  which  plays  a  very  important  part  in 
the  mineral  kin:rdi>in.     The  soluble  form  of  silicic  acid  is  a  true  eoQoii 
It  can  reatlily  l>e  obiaiiuHi  by  pouring  a  solution  of  silicate  of  soda  into 
diluteil   hydnvhloric  acid,  the  acid  being  maintained  in  great  exoesSi 
When,  now,  the  resulting  liquid  is  placed  on  a  dialyser,  the  eseeas  of 
hydI^x*hlo^io  acid  and  the  common  salt  formed  by  the  chemical  veactioB, 
logrilier  with  a  small  amount  of  silica,  diffuse  into  the  water  bekyw,  kat* 
ing  on  the  tray  a  solution  containing  the  great  mass  of  the  silica  n  a 
pure  condition.  ^ 
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lis  way  a  soludon  can  readily  be  obtained  oontaining  10  or  12  per 
'  ulica.  Such  a  solution  gelalizes  spontaneously  in  a  few  boura 
:  tbe  ordinary  temperature,  and  immediately  when  beated.  The 
ilute  the  solution  the  longer  it  can  be  kept  without  change,  and  a 
1  holding  only  one  per  cent  of  silica  is  practically  unalterable  by 
In  a  like  manner  Professor  Graham  has  obtained  alumina,  eesqui- 
'f  iron,  sesquiozide  of  chromium,  and  stannic,  meta-stannic,  titanic, 
;,  and  molybdic  acids,  dissolved  in  water  in  a  coloidal  condition, 
tsenting  properties  umilar  to  those  of  silicic  acid  in  the  same  state. 
se  substances  usually  exist  in  tbe  crystalline  condition.  The  od- 
idition  is  an  abnormal  state,  and  in  all  colloids  there  is  usually  a 
y  to  approach  the  crystalloid*form.  The  water  of  crystallization 
'stalloid  is  repre^nted  in  a  colloid  by  what  has  been  called  water 


Liquids  on  Gases. 
(203.)  Adhesion   of  Liquids  to  Gases. 
— Tlie  adhesion  of  liquids  to  gases  is  ex- 
emplified  by  the  familiar  fact,  that,  when 
liquids  are  poured  from  one  Teesel  to  an- 
other, bubbles  of  air  aro  carried  down  with 
the  descending  stream,  which  rise  and  break 
upon  tlio  surface  of  the  liqoid.     The  adhe- 
sion of  water  to  air  is  a  force  of  considerable 
power,  and  is  applied  ni  some  places  for 
producing  the  eoustant  blast  which  is  r&- 
quirtd  for  workuig  au  iron  foi^      In  Fig. 
reprebcntLd  tbe  machine  which  is 
used  for  Ihi''  purpc^e  at  some  iron  forges 
iu  Catalonia      Water   is   discharged  from 
the  resenoir  A,  into  i^hich  it  flows  from 
a  higher  level, 
into  the  tube 
B,  through  a 
conical  orifice, 
a  a     The   op- 
enings c  c  ad- 
mit air  to  the 
upper  part  of 
the    tube    B, 
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which  is  carried  down  hy  the  stream  of  water  into  the  reservoir  C, 
and  then  forced  through  the  tube  EF G  and  the  tuyere  T U 
into  the  crucible  of  the  forge.  The  stream  of  water  is  brokea 
on  a  projecting  ledge,  and  escapes  by  the  opening  2).  By  rais- 
ing or  lowering  the  stopper  g-,  the  quantity  of  water  wUch 
falls,  and  hence  also  the  intensity  of  the  blast,  can  easily  be 
regiilated. 

An  aspirator  for  establishing  a  current  of  gas  through  yarious 
forms  of  chemical  apparatus,  founded  on  the  principle  of  this 
blast  machine,  has  been  described  by  M.  W.  Johnson.*  It  con- 
sists merely  of  a  tube  ten  or  twelve  inches  in  length,  attached  bj 
means  of  an  india-rubber  connector  to  a  water-cock.  Near  the 
top  of  this  tube  there  is  a  lateral  tubulature,  which  is  connected 
by  an  india-rubber  hose  with  the  vessel  through  which  the  air  is 
to  be  drawn.  When  the  water-cock  is  partially  opened,  a  rery 
uniform  and  abundant  current  of  gas  is  drawn  in  at  the  lateral 
opening,  and  its  velocity  can  be  regulated  by  varying  the  lengdi 
of  the  tube. 

(204.)  Solution  of  Gases. —  Another  eflFect  of  adhesion,  stiB 
more  important  in  its  chemical  relations  than  the  one  just  con- 
sidered, is  the  absorption  of  gases  by  water  and  other  liquids. 
Water  has  the  power  of  dissolving  all  gases,  although  in  Tery 
different  proportions,  varying  from  one  thousand  times  its  own 
volume,  in  the  case  of  ammonia,  to  only  about  one  fiftieth  of  its 
volume,  in  that  of  nitrogen. 

The  amount  of  gas  dissolved  by  a  liquid  on  which  it  exerts  no 
chemical  action  depends  upon,  — ^ 

1st.  The  peculiar  nature  of  the  gas  and  the  absorbing  liquid. 

2d.  The  pressure  to  which  the  gas  is  exposed. 

3d.  The  temperature. 

The  volume  of  a  ^as  (reduced  to  0**  and  to  76  c.  m.  pressure) 
wliich  is  absorbed  by  one  cubic  centimetre  of  a  liquid  under  the 
pressure  of  76  c.  m.  is  called  the  coefficient  of  absorption.  This 
coelVicicnt  of  absorption  varies  with  the  temperature,  but  for  any 
given  teni[)eraturo  it  is  a  constant  quantity  for  the  same  gas  and 
liiiuid.  The  cocfiicients  of  absorption  at  0®  of  a  few  of  the  best 
known  gases  are  given  in  the  following  table,  both  for  water  and 
for  alcohol :  — 

•  Journal  of  the  Chemical  Society  of  London,  Vol.  IV.  p.  186. 
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Kuneof  Qas. 

ogen, 

rogen,  .         .    . 

gen, 

K>nic  Acid,  . 

4iide  of  Hydrogen,   . 

•hurous  Acid, 

nonia,     .         .         . 


Volume  in  c  m*  absorbed  by  one  Z'm?  of 


Water. 

0.02035 
.     0.01980 

0.04114 
.     1.79670 

4.37060 
.  68.86100 
1049.60000 


Alcobol. 
0.12634 
0.06925 
0.28897 
4.32950 
17.89100 
828.62000 


)  Variation  of  the  Coefficient  of  Absorption  with  the 
iture.  —  In  a  solid,  the  force  which  the  solvent  power 
iiid  has  to  overcome  is-  that  of  cohesion  ;  in  a  gas,  on 
r  hand,  it  is  that  of  repulsion  ;  and  we  should  therefore 
Y  expect,  contrary  to  what  is  true  of  solids,  that  the  sol- 
f  gases  would  diminish  with  the  increase  of  the  tempera- 
'his  we  find  to  be  the  case,  and,  with  a  few  exceptions, 
^ility  of  a  gas  is  greater  the  lower  the  temperature.  As 
ase  of  solids,  however,  the  law  of  the  variation  depends 
I  nature  of  tlie  gas,  and  must  therefore  be  determined  for 
jial  case.  In  Table  VII.  of  the  Appendix,  the  coefficients 
lity  of  the  most  familiar  gases  are  given  for  different  tem- 
s  within  the  limits  of  ordinary  observation.  By  compar* 
ther  the  results  of  observation  at  different  temperatures, 
obtain,  as  in  the  case  of  the  solubility  of  solids,  interpo- 
►rmulae  by  means  of  which  the  coefficients  may  be  cal- 
for  other  temperatures  within  certain  restricted  limits, 
the  case  of  the  absorption  of  nitrogen  by  water,  the 
>f  five  experiments  were  as  given  in  the  following  table 
nsen's  Gasometry.* 


h« 
rot. 


Temperature. 
Decrees  Cent. 


Coefficient*  found. 


4.0 

6.2 

12.6 

17.7 

23.7 


0.01843 
0.01761 
0.01620 
0.01486 
0.01392 


Coefficient  from 
Formula. 


0.018.^7 
0.01737 
0.01633 
0.01430 
0.01384 


Difference. 


).00006 
— 0.00014 
+0.00018 
— 0.00006 

KOOOOS 


>ination  of  the  experiments  1,  2,  3  ;  2,  3,  4 ;  3,  4,  6,  we 
he  interpolation  formula 


sometrj,  by  Robert  Bunsen.    Translated  by  Roscoe.    London.     1857. 
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t  =  0.020346  —  0.00058887^  +  0.000011156  <»,        [131.] 

by  means  of  which  tlie  numbers  of  Table  VII.  may  be  calcu- 
lated. For  the  interpolation  formnlse  by  which  the  coefficients 
of  al>sorption  of  other  gases  may  be  calculated,  as  well  in  alcohol 
as  in  water,  we  must  refer  the  student  to  the  excellent  vork 
of  Professor  Buusen  already  cited,  from  which  Table  VII.  has 
\yeen  taken. 

To  tlie  general  law  that  the  solubility  of  a  gas  diminishes 
with  the  increase  of  the  temperature,  there  are  several  excep- 
tions. Thus,  the  coefficient  of  absorption  of  oxygen  in  alcohol  is 
constant  at  0.28397  for  temperatures  between  0**  and  24**,  and 
the  same  is  true  also  for  hydrogen  in  water.  So  also  one  vol- 
ume of  water  at  5*  absorbs  less  chlorine  gas  than  at  8** ;  but  here, 
as  in  similar  causes,  tlic  apparent  exception  to  the  law  is  caused 
by  tho  intervention  of  clicmical  affinity.  Chlorine  forms  at  0* 
a  dolinito  crystalline  compound  with  water,  and  the  solubility 
of  this  si>lid  inciHiiuscs  with  the  temperature  up  to  10*.  Above 
Uus  tomjHTaturo  the  crystalline  hydrate  cannot  exist,  the  clilo-  |^: 
rino  dissi>lvos  as  a  gas,  and  its  solubility  follows  the  general 
Uw,  diminishing  with  tho  temperature. 

.Vlihough  tho  solubility  of  a  gas  increases  as  the  tempera- 
uuv  lulls*  yot  at  the  moment  the  liquid  freezes,  the  absorbed 
>:ns  is  aluuvit  entirely  set  free.  During  the  freezing  of  water  1 
iho  air  dissolved  soj>i\rates  from  it,  formii^g  bubbles  in  the  ice. 
S\»  al>\^  tho  oxviTiMi  which  is  absorbed  in  large  quantity  by  melted 
NilwT  \s  ovoIvihI  when  it  solidifies.  But  when  at  the  freezing 
is^.u;  tho  dissSolviHl  gas  forms  a  definite  comj)ound  with  the  * 
\^.vvv^!\  \{  MMUOtimes  hap}XMis  that  no  gas  is  evolved  when  the  \ 
\\,Uvn   ;*i\v5\\^*  5is  is  the  case  with  the  solution  of  chlorine  just  j 

v-W^  ^     l\:n,;:u>H  of  the  Solitbiiiif/  of  a  Gas  with  the  Pre$- 
X'*';  This  \anatiou  follows  a  very  simple  law.     T7ie  quo»r 

u:  /  .'   i.'^v  •  ..\\<vw\Vi/  bu  a  liquid  varies  directly  as  the  pressun  , 
^•t:.  t     I.    c  \s   r\:> '•.'.<  u/nm  it.     If  now,  instead  of  considerii^ 
ilu*  v|\uM\' ti\  v^t"  cL^  al^^rlvil,  we  consider  the  volume  al)8orbed 
viuvtv'v  .v-\  ii^Xvu  prv^ssuiw  it  follows,  from  Mariottc's  law,  that 
Umn  \  v^Iutuv^  mu^i  Iv  tho  same  in  all  eases.     Thus,  for  example,at  ^ 

0    v^iu^  vul  iv-  vviitiinetr\*  of^^ter  absorbs  1.797  cTm.*  of  carlKHMB  Ji 

r 

•  U*  iNv'  ;v*»u  ^*«u^;  '^  •   .:  .tt*  U  *lw«v*  to  be  onderstood  the  number  of  cubic  ceft*  f 
iuuv%ivA  uiv*4txu<\\l  a:  0'*'*  <.\  *xxd  utKier  «  pNSsore  measured  by  76  c.  m.  of  mercniy- 

\ 
i 
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rbaterer  may  be  its  pressure.  If  the  pressore  is  76  c.  m.» 
itj  of  gas  absorbed  measures,  at  tbe  standard  tempera- 
pressure,  exactly  1.797  c,  m.*.  If  now  tJie  pressure  is 
he  Tolume  of  gas  absorbed  is  the  same  as  before,  but 
ity  (measured  at  0°  G.  and  76  c.  m.)  will  be  found  equal 
.797  or  8.594  ^Tm.*,  and  the  some  is  true  for  all  pres- 
tiin  the  limits  at  which  Mariotte's  law  holds  good. 
t  is  true  that  ibo  law  has  uot  been  demonstrated  ex- 
.ily  except  in  a  few  cases  and  withiu  very  restricted 
t  it  is  highly  probable  that  it  is  as  constant  as  that  of 
Bepresentiug  by  V,  and  VJ  the  guantitiet  ot  tk  ff.vea 
)ed  by  a  given  Tolume  of  liquid  correspondmg  to  the 
H.  and  Hj,  we  bare  for  the  mathematiced  expression  of 
uueutal  law  of  gasometry  the  proportion 


F.:  K-^JI-.HJ. 


[132.] 


nciples  of  this  section  are  illustrated  by  the  apparatus 

;d  in  Figs.  S32  and  8S3,  used  for  saturating  water  with 

acid    gas   under 

Bodarwater).     It 

of  earthenware ; 

two  chambers  A 

is  shown  in  the 

re  connected  to- 

i  the    line    tube 

■ough  the  neck  of 

atus  at  u,  water  is 

d  into  the  upper 

B,  which  is  then 

r  a  screw  plug. 

this  plug  passes  a 

closed  by  a  valve 

by  means  of  which  the  water  may  be  drawn  ofiF  when 

with  gas.     Through  a  tubulature  at  o,  which  can  also 

by  a  screw  plug,  the  materials  for  making  carbonic 
(bicarbonate  of  soda,  tartaric  acid,  and  water)  are  in- 
into  the  lower  chamber,  A.  Tlie  gas,  as  it  is  evolved, 
trough  the  tube  b  a  into  the  upper  part  of  the  chamber 

it  comes  in  contact  with  the  surface  of  tJie  water,  and 
t  dissolved,  while  the  rest  exerts  a  pressure  upon  it 
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amounting  to  several  atmospheres.  On  opening  the  stopcodc, 
the  water  charged  witli  gas  is  driven  out  with  force,  and  be 
amount  of  gas  dissolved  is  found  to  be  exactiy  proportional  to 
the  pressure  which  it  exerted  on  the  surfistce  of  the  water. 

When  the  water  thus  surcharged  with  gas  is  drawn  out  into  a 
glass  tumbler,  the  excess  of  gas  escapes  with  effervescence.  If 
the  process  is  closely  examined,  it  will  be  noticed  that  the  bubbles 
of  gas  rise  from  the  sides  and  bottom  of  the  tumbler,  and  if,  whib 
the  water  is  still  saturated,  we  drop  into  it  a  solid  body  witht 
rough  surface,  a  jiiece  of  broad,  for  example,  there  will  ensue  a 
brisk  effervescence  around  the  body.  The  cause  of  this  phenom- 
enon is  thus  explained.  The  gas,  as  we  have  assumed,  is  hdd 
in  solution  by  the  adhesion  of  the  liquid  particles.  In  the  midflt 
of  the  water  the  i>articles  of  carbonic  acid  arc  surroimded  on  all 
sides  by  particles  of  liquid,  but  immediately  in  contact  with  ibb 
solid  they  are  only  attracted  on  one  side  by  the  liquid,  since  on 
the  other  they  are  in  contact  with  the  solid  surface.  It  is  evident 
that  the  adhesive  force,  and  hence  also  the  solvent  power,  must  be 
less  in  the  last  case  than  in  the  first,  so  that  the  particles  of  gtf 
in  contact  witli  the  solid  surfaces  will  be  the  first  to  assume 
the  aeriform  condition.  These  particles  uniting  together  form  t 
small  bul)l)lc  of  gas,  wliich,  as  it  rises  through  the  solution,  con- 
stantly enlarges,  and  acquires  a  considerable  size  before  it  breaks 
on  the  surface.  The  bubble  increases  in  size  as  it  ascends,  be-  j 
cause,  as  is  evident,  it  must  have  the  same  effect  as  a  solid  body 
on  all  the  particles  of  the  solution  with  which  it  comes  in  contact, 
diminishing  the  adhesive  force  between  the  water  and  gas. 

If  water  saturated  with  carbonic  acid  is  placed  under  a  glass 
bell  resting  on  the  plate  of  an  air-pump,  the  carbonic  acid  will 
escape  from  the  solution,  and  collect  in  the  bell,  until  the  quantity 
remaining  in  solution  corresponds  to  the  pressure  exerted  by 
the  carbonic  acid  which  has  escaped.  The  presence  of  air  in 
the  bell  does  not  in  any  way  affect  the  final  result,  and  precisdy  j 
the  same  quantity  of  carbonic  acid,  and  no  moi^e,  would  rise  into  j 
the  bell  if  the  air  were  completely  removed.  It  is  true,  how-  j 
ever,  that,  if  the  bell  were  exhausted,  this  quantity  would  escape  ' 
instantaneously,  while,  if  it  is  filled  with  air,  the  equilibrium  is  ' 
only  attained  after  a  considerable  time.  The  same  is  true  if  the 
bell  is  filled  with  other  gases  than  air.  Let  us  now  suppose  that, 
after  the  equilibrium  has  been  attained,  a  portion  of  the  mixture 
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carbonic  acid  and  air  is  removed  by  the  piUnp.  The  pressure 
icb  the  carbonic  acid  exerts  on  the  solution  will  thus  be  di- 
nished,  and  more  gas  will  escape  from  the  solution,  until  the 
lilibriom  between  the  gas  dissolved  and  the  pressure  of  gas  in 
)  bell  is  again  restored.  It  is  evident  that  the  whole  gas  can- 
t  be  removed  from  a  solution  by  the  air-pump,  since  we  can 
ver  remove  the  whole  of  the  gas  from  the  surface  of  the  liquid, 
d  cannot  therefore  entirely  remove  the  pressure  which  the  gas 
raping  frx>m  the  solution  exerts.  This  object,  however,  can 
readily  attained  by  placing  at  the  side  of  the  glass  holding  the 
lution  anotlier  glass,  containing  some  chemical  reagent  which 
s  the  power  of  absorbing  the  gas.  Thus,  if  we  place  under 
e  same  bell  containing  a  solution  of  carbonic  acid  a  concen- 
ited  solution  of  caustic  potash,  this  reagent  will  keep  the  bell 
)6  from  carbonic  acid,  and  reduce  the  pressure  it  exerts  to 
thing,  so  that  the  gas  will  continue  to  escape  from  the  solution 
itil  the  whole  is  removed.  If  at  the  same  time  we  exhaust  the 
'  with  the  pump,  we  shall  greatly  hasten  the  process,  although 
3  final  result  is  not  affected  by  the  presence  of  the  air,  or  any 
ler  chemically  inactive  gas. 

The  amount  of  carbonic  acid  present  in  the  atmosphere  is  so 
lall,  that  it  exerts  no  appreciable  pressure  ;  so  that,  if  a  solu^ 
n  of  this  gas  is  exposed  to  the  atmosphere,  the  whole  of  the  gas 
>uld  according  to  the  law  escape.  This  we  find  to  be  the  case, 
hough,  on  account  of  the  slow  diffusion  of  carbonic  acid  into 
*,  it  requires  a  long  time  before  the  whole  has  disappeared. 
\e  same  must,  of  course,  also  be  true  of  solutions  of  all  gases 
th  the  exception  of  those  composing  the  atmosphere. 
The  most  available  means  of  driving  out  a  gas  from  a  solution 
boiling.  The  high  temperature  diminishes  the  coefficient  of 
sorption,  and  moreover  the  escaping  vapor  carries  away  with 
the  gas  from  the  surface  of  the  liquid,  so  that  the  pressure 
rich  the  gas  exerts  on  this  surface  is  constantly  diminishing, 
d  with  it  also  the  amount  of  the  gas  which  the  liquid  can  hold 
solution.  On  this  same  principle,  protoxide  of  nitrogen  can 
entirely  removed  from  water  by  passing  through  it  a  current 

air. 

There  are  a  few  gases,  such  as  chlorohydric  acid,  which  have 

stnmg  an  affinity  for  water  that  they  cannot  be  removed  by 
fling,  since,  after  the  solution  is  reduced  to  a  certain  degree 
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of  concentration,  the  liquid  and  gas  eTaporate  together  u  i 
whole. 

(207.)  As  a  general  mle.  the  solubilitj  of  a  gas  is  dimimlui 
by  the  presence  of  other  substances  in  the  solution.  Thas,  &r 
example,  water  containing  sulphuric  acid  or  anv  salt  will  absorb, 
in  most  ca^es,  less  gas  than  when  pore.  As  a  necessary  coii^ 
quence.  the  gas  which  water  holds  in  solution  can  iu  great  meas- 
ure be  driven  out  by  the  addition  of  oil  of  vitrioK  or  by  dissolving 
in  it  some  salt.  .So  also  melted  silver,  which  absorbs  from  the 
atmosphere  a  large  volume  of  oxygen,  disengages  with  efferves- 
cence tlie  whole  of  tlie  dissolved  gas,  on  the  addition  of  an  equal 
weight  of  melted  gold. 

Whenever,  on  tlie  other  hand,  as  is  sometimes  the  ease,  the 
solubility  of  a  gas  is  increased  by  the  presence  of  salts  or  other 
substances  in  solution,  tliis  exception  to  the  general  rule  is  appar- 
eiitlv  caused  bv  the  chemical  affiuitv  of  the  dissolved  substance. 
Tli»*  presence  of  phosphate  of  soda  increases  greatly  the  solubility 
of  carbonic  acid,  and  the  presence  of  sulphate  of  copper  and  sul- 
phate of  protoxide  of  iron,  the  solubility  of  oxide  of  carbon  aud 
deutoxide  of  nitrogen,  respectively.  It  is  true  that  in  all  these 
cases  the  gas  can  be  driven  out  of  the  solution  by  boiling,  but 
nevertheless  it  is  probable  that  unstable  compounds  are  in  each 
case  formed :  aud  this  opinion  is  substantiated  in  the  last  case  by 
the  very  rem;  irk  able  change  of  color  which  the  solution  of  green 
vitriol  undergoes  by  absorbing  deutoxide  of  nitrogen  gas. 

The  principles  of  this  section,  it  should  be  noticed,  apply  only 
to  solid  and  liquid  bodies,  since  the  coefBcient  of  absorption  of 
one  gas  is  not  apparently  influenced  by  the  presence  in  the  solu- 
tion of  another  gas  on  which  it  is  chemically  inactive.  This  last 
principle  will  be  considered  in  detail  in  section  (209). 

(20^.)  Determination  of  the  Coefficient  of  Absorption, — As  has 
been  already  stated,  the  coefficient  of  absorption  is  the  volume  of 
gas  (measured  in  cubic  centimetres  at  0°  and  76  c.  m.)  absoH^ed 
by  one  cubic  centimetre  of  liquid.  Since  tliis  coefficient  varies  with 
the  temperature,  it  must  be  determined  for  each  temperature,  or 
we  may  determine  it  with  accuracy  for  several  temperatures  at 
suitable  intervals,  and  then  from  these  results  deduce  an  interpo- 
lation formula  by  which  we  may  calculate  the  coefficient  for  all 
intermediate  temperatures,  and  prepare  tables  like  Table  VII. 
of  the  Appendix.     It  is  only  then  necessary  to  inquire  how  the 
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5^  obefinaent  is  determiDed  for  any  given  temperature,  (.    There  are, 
f-  ixi  general,  two  methods  whicli  are  uned  for  tliis  purpose, 
rr:        J-irtl  Method.  —  The  first  method  consists  in  passing  a  current 
' :  of  the  gas  througii  the  liquid  under  experiment,  until  the  lost  is 


^tarated ;  then,  having  carefully  observed  tlie  temjKiraturo  of 
^tia  solution,  transferring  with  proper  precautions  a  mcasui'ed 
^t)laine  to  a  glass  beaker,  and  determining  tlie  weight  of  tlic  di»- 
^rired  gas  by  some  process  of  chemical  analysis.  Tliis  method 
^^ai  be  better  understood  if  illustrated  by  an  example,  and  wo 
:'^01  select  for  the  purpose  the  determination  of  the  coclhcient  of 
-^i^wtptioa  of  sulphide  of  hydrogen  in  alcohol,  whicli  was  mode 
'  •f  Dtb.  Schimfeld  and  Garius,  with  the  apparatus  represented  in 
^•fe.  8S4.» 

The  6ask  a  a  is  closed  by  a  tight  cork,  through  which  four 
dIbb  hare  been  bored.     Through  the  first  of  these  passes  a  ther- 

*  8m  Bdhmu's  Qawmoti?,  pi^  160. 
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mometer,  b ;  fhrongh  the  second,  the  tube,  Cy  conducting  the  gas; 
through  the  third,  a  short  tube,  6?,  serving  as  a  vent  to  tlie  gas, 
and  ending  in  a  small  indiarrubber  tube,  which  can  be  easflj 
closed  by  a  glass  rod ;  lastly,  through  the  fourth  hole  passes  a 
siphon  tube,  e.  These  tubes  exactly  fit  the  holes  in  the  cork,  so 
that  if  the  tube  d  is  closed  while  the  current  of  gas  is  flowing 
into  the  flask  through  the  tube  c,  the  solution  will  be  forced  out 
through  this  siphon  tube,  e. 

In  making  the  determination,  the  sulphide  of  hydrogen  was 
generated  from  sulphide  of  iron  and  dilute  sulphuric  acid,  and, 
having  been  washed  with  water,  was  passed  through  alcohol  in 
the  flask,  which  had  been  previously  boiled  in  order  to  expel  all 
the  air  it  contained  in  solution.     The  alcohol  in  the  mean  time 
was  kept  at  a  constant  temperature  by  placing  the  flask  in  a  wa- 
ter-bath, and  this  temperature,  which  was  carefully  observed  bf 
the  thermometer  6,  we  will  call  f.    The  tube  d  was  also  left 
open,  so  that  the  sulphide  of  hydrogen  gas,  which  filled  the  upper 
part  of  the  flask,  exerted  the  same  pressure  on  the  surface  of  the 
alcohol  as  that  indicated  by  the  barometer  at  the  time  of  the 
experiment     We  will  represent  this  by  H.     At  the  end  of  two 
hours,  when  it  was  assumed  tliat  the  liquid  was  saturated  with 
the  gas,  tlie  india-rubber  connector  at  d  was  closed  by  a  glass 
rod,  and  the  solution,  as  it  was  forced  out  through  the  siphon  f,   i 
collected  in  a  measuring-glass.     The  tube  e  was  so  adjusted  as   i 
to  TcsLch  to  tlie  bottom  of  the  measuring-glass,  and  after  the  glass   i 
was  full,  the  solution  was  permitted  to  overflow  the  mouth  for 
some  time,  and  until  the  upper  layers  of  the  liquid,  which  had 
been  exposed  to  the  air,  and  consequently  lost  a  portion  of  their 
gas,  had  l)een  replaced   by  the  saturated  solution  rising  from 
l)elow.     The  glass  was  then  quickly  closed  by  its  stopper,  and  its 
contents  immediately  after  transferred  to  a  beaker  containing  a  | 
solution  of  chloride  of  copper.     The  volume  of  the  solution  used  j 
was,  of  coui-se,  the  same  as  that  of  the  measuring-glass,  and  we  ] 
will  represent  it  by  F.     Lastly,  the  sulphur  of  the  precipitated  ; 
sulphide  of  copper  was  converted  into  sulphuric  acid  by  nitric  \ 
acid,  and  weighed  in  the  usual  way  as  sulphate  of  baryta.    From  ] 
the  weight  of  sulphate  of  baryta  the  weight  of  sulphide  of  hydro- 
gen coutained  in  the  solution  was  easily  calculated.     Represent' 
this  weight  by  W,  and  the  known  weight  of  one  cubic  centimetre 
of  sulphide  of  hydrogen  gas  at  0**  and  76  c.  m.  by  to  (Table  II.), 
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ve  have  all  the  data  for  calculating  the  coeflScient  of  absorp- 
ftt  the  temperature  of  the  experiment. 

V  a-B  Tolnme  of  solution  saturated  with  H  S  at  f^  and  IT  cm, 
W '^  weight  of  H  S  in  ditto,  at  f  and  If  cm. 

icn  by  [132], 

W-jjT  =  weight  of  H  S  in  ditto  at  f  and  76  cnu 

Tiding  by  ir,  we  get 

76 

jjr  =  Tolume  of  H  S  (measured  at  0^  and  76  c  m.)  dissolved  at 

r*  and  76  c  m. 

was  assumed  in  tliis  determination  that  the  volume  of  alcohol 
rwent  no  change  by  absorbing  sulphide  of  hydrogen,  so  that 
presents  not  only  the  volume  of  the  solution,  but  also  the 
ne  of  the  alcohol  it  contained.     Hence,  F  cubic  centime- 

W     76 

)f  alcohol  at  f*  dissolve  —  .  ^  cubic  centimetres  of  sulphide 

^drogen,  measured  at  0**  and  76  c.  m.  •Consequently,  the 
cient  of  absorption,  or 

1_      W     76 
V  '  w   'If' 


c=   ^  .  -  .  ,^.  [133.] 


evident,  this  formula  is  not  only  applicable  to  the.  particu- 
ise  under  consideration,  but  may  also  be  used  in  all  similar 
,  in  which  the  volume  of  the  liquid  is  not  sensibly  altered 
Lssolving  a  gas. 

however,  we  seek  to  determine  the  solubility  of  sulphurous 
gas  in  alcohol  by  the  same  method,  it  will  be  found  that  the 
option  made  in  the  last  example  is  no  longer  correct,  and 
it  is  essential  to  pay  regard  to  the  change  of  volume.  As 
he  rest,  the  determination  may  be  conducted  in  precisely 
same  manner,  only  the  weight,  TF",  of  sulphurous  acid  gas 
dned  in  a  measured  volume,  F,  of  the  solution,  must  be  de- 
ined  by  some  special  method  of  chemical  analysis.  As  we 
ot  conveniently  measure  the  volume  of  alcohol  before  the  ab- 
ion  corresponding  to  the  measured  volume,  F,  of  the  solution, 
letermine  carefully  the  specific  gravity  of  the  alcohol  and 
le  solution,  and  thus  obtain  all  the  data  for  our  calculation. 

.  84» 
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« 

V  *»  volume  <^  alcohol  satonited  with  8  Of  si  f  and  Ee^ 

(Sp.  Gr.)        =s  specific  gravity  of  ditto. 

V .  (S^.  Gr.)  =.  weight  of  ditto.     See  [56]. 

W  =  weight  of  S  0|  dissolved  at  <*  and  ZTc  m.  in  VZm}d 

solution. 
V .  (Sp.  Gr.)  —  IT  =«  weight  of  alcohol  in  Kcm.*  of  solatioo. 
(Sp.  Gr.y        ^  specific  gravity  of  alcohol  hefore  absorption. 

Hence  by  [56], 

— ■--y^--?y'l-. ■*  volume  of  alcohol  in  F'c.~m;*  of  saturated  aolotifliL 

(Sp,  Gr,y 

w  BB  weight  of  one  cubic  centimetre  of  S  0|  gas  measured  at  9 

and  76  c.  m. 

W 

—  ss  volume  of  S  O"  (measured  at  0®  and  76  c  m.)  dissolved  Ji 

FcTm*  of  solution  at  f  and  JjTc.  m. 

—  .  >_  a-i  volume  of  ditto  dissolved  in  KcTm.*  of  solution  at  f  and  76  eft ' 
to      li 

Hence  — ^  %   Gv\^~ —  ^^'  ^^  alcohol  dissolve,  at  f  and  W 

W    76  -    ,    -Q^ 
c.  m.,    —  *  ff  ^'  "^       ^  ^'  8^' 


Whence 


^_  r    76  (Sp.Gr.y 


w     H     V.{Sp.GT.)  —  W'  ^^ 

This  formula  may  be  used  in  all  similar  determinations  of  46 
coefiicient  of  absorption,  where  the  volume  of  the  liquid  is  sensibly 
changed  by  the  absorption  of  the  gas.     When  there  is  no  chanp 

of  volume,  F=  "~^  ^^-^"^7- — >  which,  substituted  in  [134], 

reduces  it  to  [133]. 

The  method  of  determining  the  coeflScient  of  absorption  jitf* 
described  is  the  best  whenever  the  gas  dissolves  in  large  quinfr 
ties  in  the  liquid,  and  when  it  is  of  such  a  nature  that  flu 
amount  in  solution  can  be  readily  determined  by  the  methods  rf 
chemical  analysis.  In  the  practical  application  of  this  method, 
peculiar  precautions  are  required  in  each  special  case.  F»  * 
description  of  these,  we  must  refer  the  student  to  the  work  rf 
Professor  Bunsen,  already  noticed. 

Second  Method,  —  The  second  method  of  determining  the  co- 
efficient of  absorption  consists  in  shaking  up  in  a  graduated  gUsi 
tube  a  measured  volume  of  gas  with  a  measured  volume  of 
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ad  careftilly  obeerring  the  Tolmne  of  gas  absorbed.     A 

gant  apparatus  for  this   purpose,  called  an  absorption- 

I  described  and  figured  by  Bunsen  ia  his  work  on  Oasom- 

1  a  diagnun  illustrating  its  priDciple  is  given  here  in  Fig. 

he  gas  is  collected  in  the  gradu- 

56  tube  a  a  over  a  mercury  pneu- 

rough,  and  its  volume  carefully 

led.     We  will   call   tliis  volume 

\   for  temperature,   V„.     At    the 

ne,  we  observe  the  height  of  the 

er,  and  the  height  of  the  surface 

nercury  in   the   tube   above  the 

of  tlie  mercury  in  the  pneumatic 

The  difference  of  these  heights 

a  quantity,  H,  which  is  the  pres- 
which  the  gas  confined  in  the 
exposed  (169).  Next,  a  volume 
I  from  which  all  the  air  has  been 

by  boiling  is  passed  up  into  the 
ill   standing    over   the    mercury  ng-sw. 

This  volume  is  also  carefully  observed,  and  we  will 
t  it  by  V.  The  tube  is  now  closed  by  screwing  on 
ran  ring  c  c  (wliich  is  cemented  to  the  tube  a  short  dis- 
am  its  mouth)  the  iron  cap  bbdd.  The  surface  dd  is 
with  a  piece  of  sheet  indiarrubber,  which  is  pressed  by 
V  gainst  the  mouth  of  tlie  tube,  and  hermetically  closes 

tube  (filled  witli  mercury,  gas,  and  the  liquid)  is  now 
ed  to  the  glass  cylinder  gg.  This  cylinder  is  cemented 
:  h,  and  a  rectangular  projection/,  at  the  bottom  of  the 
,  exactly  fits  a  corresponding  hole  in  tlie  upper  surface 
ase.  The  cylinder  may  be  closed  by  an  iron  lid,  which 
I  a  hinge  t,  and  which  may  be  fastened  by  the  thumb- 
To  the  under  surface  of  the  cover  a  piece  of  indiSr- 
»,  is  cemented,  which,  when  the  cover  is  closed,  presses 
;he  top  of  the  glass  tube  and  keeps  it  in  place.  The 
d  tube  having  been  introduced  and  adjusted,  mercury  is 
ito  the  cylinder  until  it  covers  the  bottom  to  the  depth  of 
entimetres,  and  the  rest  of  the  cylinder  is  then  filled  with 
The  cover  is  now  closed  and  fastened,  and  the  whole 
B  violently  shaken  in  order  to  facilitate  the  solution  of 


i^/aenatxA  «I!  d»e  dita  leqiiired 


y^  ^jk^:'\jkz^z. 


iLti  >t"je 


V  It  ^      . 


^. 


7e 


76c.a> 
76  cm. 


K^  w^-   — '  ^/ ^     «»redncedToiiiiiieofga«b«oilieduDdetthe|a«8^ 
V.y  fl«2], 

J/  -  —  V^  Z--  n^fluced  volame  of  gas  absoibed  under  tbe  premnt  76 

c.  m.  by  KcTii^of  liqnid. 


—  1  /^-'5r_^A 


[i»] 


III  tiiiiking  (loUirminations  of  the  coefficient  of  absorption  I? 
UiIn  iiimIIkhI,  it  iH  nocosBary  to  correct  the  measured  tensioos  d 
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B8  both  for  temperature  and  for  the  tension  of  vapor,  and  to 
dduce  the  measured  columns  of  mercury  to  0**  C.  The  method 
Y  which  these  reductions  are  made  will  be  explained  in  the  next 
hapter,  and  examples  illustrating  the  whole  subject  will  be 
ynnd  in  Bunsen's  work  on  Gasometry,  already  noticed,  to  which 
re  most  refer  for  further  details. 

(209.)  Partial  Pressure,  —  If  we  conceive  of  three  masses  of 
liflferent  gases,  occupying  the  volumes  Vi,  Vs,  v^^  and  each  exerting 
L  pressure  measured  by  H^  and  then  suppose  that  the  diaphragms 
rhich  separate  them  are  removed,  the  three  gases  will  mix  per- 
Sdctly  together,  as  is  well  known,  until  each  is  equally  difiused 
Sirough  the  whole  space  F",  which  equals  Vi  -f-  Vj  +  Vs ,  and 
file  mixture  will  then  exert  the  same  pressure  as  that  exerted  by 
each  gas  separately,  or  H.  It  is  evident,  then,  from  Mariotte's 
law  (163),  that  each  gas  of  this  mixture  must  exert,  by  itself, 
a  pressure  which  bears  the  same  relation  to  the  whole  pressure 
tiiat  the  original  volume  of  this  gas  bears  to  its  expanded  vol- 
times.  It  is  easy,  then,  to  calculate  that  the  pressures  exerted  by 
tbe  three  gases  of  the  mixture  are  respectively 

■    .  ""'  ,       H,         .  ""'   ,       H,  and       jj'   .      H.    [136.] 

These  pressures  are  called  partial  pressures,  in  distinction  from 
the  total  pressure,  which  is  equal  to  tlie  sum  of  these  partial 
pressures,  or 

g=       ,''\      H+  — c""'-!—  ^+  ■     .  ""'  .      ^'    [137.1 

If  now  a  volume  of  liquid,  which  we  will  represent  by  F, ,  is 
eiposed  to  this  gaseous  mixture,  it  will  absorb  of  each  gas  a 
(pumtity  which  is  exactly  proportional  to  the  partial  pressure 
which  this  gas  exerts.  In  other  words,  the  law  of  (206)  holds 
true  in  regard  to  each  gas,  and  the  solubility  of  one  gas  is  not 
influenced  by  the  presence  of  the  rest.  » 

Representing  then  by  c,,  Ca,  and  Ca  the  coefficients  of  absorp- 
tion of  the  three  gases  respectively,  and  assuming  that  the  total 
volume  of  the  mixture  is  so  large,  or  so  frequently  renewed,  that 
the  partial  pressures  are  not  altered  by  the  absorption,  we  can 
easily  calculate  that  the  absolute  volume  of  each  gas  in  cubic 
centimetres  absorbed  by  the  given  volume,  Ff,  of  the  liquid, 
.will  be,  respectively, 
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^'  *^'  „,  _!-».,  +  »,  •  76'  '''  '^'  »,+r,+r,  *  76' 

and  ^  H  [138.] 

<^.  ''«„,  +  „,+r,  •  76- 

The  sum  of  these  quantities,  or  the  total  volume  of  mixed  gases 
absorbed,  is 

^■„.+J,+  ,..  •  -^  (c.  f.  +  c.  t;.  +  c.  ».).        [139.] 

Dividing  each  of  the  quantities  [138]  by  this  sum,  we  shall  ob- 
tain the  composition  of  the  absorbed  gas,  or,  in  other  words,  the 
amount  of  each  gas  composing  one  volume  of  the  mixed  gases 
dissolved.     These  are 

gat?a     ^  [140.] 

lis  ^*^  1 1 • 

If  there  were  but  two  gases,  the  values  Vz^Ui^,  and  €%  must  eri- 
dently  be  cancelled  in  all  the  above  equations ;  and,  on  the  other 
hand,  the  formul®  may  readily  be  extended  to  any  number  of 
gases  by  introducing  additional  terms. 

The  solution  of  atmospheric  air  in  water  furnishes  a  good  illus- 
tration of  the  principles  of  this  section.  Let  it  be  required  to 
determine  the  absolute  volumes  of  oxygen  and  nitrogen  absorbed 
by  Fi  volume  of  water  at  the  temperature  of  15**.  The  air  is » 
mixture  of  oxygen  and  nitrogen,  exerting  on  the  water  a  variable 
pressure,  which  we  will  assume,  at  the  time  of  the  detennination, 
is  76  c.  m. ;  and  its  mean  composition  in  volume  is 

Oxygen, 0.2096 

Nitrogen,         .....  0.7904        [141.] 

1.0000 

The  coefficients  of  absorption  at  15**  are,  by  Table  VII.,  of 
oxygen  0.02989,  and  of  nitrogen  0.01478.  The  absolute  vol- 
umes of  the  two  gases  absorbed  by  V^  volume  of  water  are,  then, 
of  oxygen, 

0.02989  V,  X  0.2096  =  0.006265  F,  ; 

and  of  nitrogen, 

0.01478  V,  X  0.7904  =  0.011682  F,. 

The  composition  of  the  dissolved  eas  in  one  volume  is,  then, 
by  [140], 
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Oxygen, 0.3491 

Nitrogen, 0.6509         [142.] 

1.0000 

We  can  also,  evidently,  reverse  the  above  calculation,  and  from 
the  composition  of  the  dissolved  gas  calculate  the  composition  of 
the  gaseous  mixture  to  which  the  liquid  has  been  exposed.  Bep- 
resenting  the  denominators  of  the  fractions  [140]  by  Aj  we 
easily  obtain  the  values, 

Vi^^A,         t;,  =  Jil,       and         v,  =  ^A,       [148.] 

which  are  the  volumes  of  the  respective  gases  composing  Fern.' 
of  the  mixture.  Dividing  each  of  these  quantities  by  the  sum 
of  the  whole,  we  obtain  the  composition  of  one  volume  of  the 
mixture.* 

Ml  US 


lU    ,    Ml    ,    wa  "  H  4.  !±  4.  !! 

ClC»C8  Cl  e»    "^  C3 

and  ^  [144.] 

C3 


lii  -I-  —  -u !!!? 

Cl  08         ci 


From  the  composition  of  the  mixture  of  oxygen  and  nitrogen 
dissolved  in  rain-water,  we  can  easily  calculate,  by  these  formul®, 
Hnd  composition  of  the  air.  Evidently,  when  there  are  only  two 
jases,  the  third  value,  tr,,  and  the  last  term  of  the  denominators 
of  tTi  and  Wjt  are  cancelled. 

AU  the  above  formul®  are  based  upon  the  supposition,  that  the 
Tolume  of  the  gaseous  mixture  is  so  large  that  the  partial  pres- 
sures of  its  constituent  gases  are  not  essentially  changed  by 
the  absorption.  This  is  true  in  regard  to  the  atmosphere,  as 
ilready  stated;  but  when  we  experiment  upon  a  very  limited 
▼olmne  of  a  gaseous  mixture,  as  in  the  absorption-tube  of  appa- 
ntus  (Fig.  335),  such  an  assumption  is  far  from  being  correct, 
ind  we  must  then  pay  regard  to  the  change  of  composition  and 
tf  p'essare  in  the  gaseous  mixture.  In  order  to  make  the  case 
>8  simple  as  possible,  let  us  take  a  mixture  of  only  two  gases,  and 
consider  the  changes  it  will  undergo  by  absorption  if  in  contact 

*  It  will  afibrd  the  student  assistance,  in  following  out  the  coarse  of  reasoning  in  tliis 
^ff&m,  to  remember  that»  in  the  notation  adopted,  vi  -|-  vs  +  va  =  VZm^  of  the  mixed 
HsM  before  toliition,  tii  +  tis  +  tis  =  1  e.  m.'  of  the  mixed  gases  in  solution,  and 
^  +  v!i  -h  t^  "=»  1  fl^'  of  the  mixed  gases  before  solution. 


•  Alt  ■!  +  «,=  IZi*. 

It  is  Dcnr  eiident  tint  the  ml— c  V  of  the  mixed  gun  oob> 
teios  ri  FcTh?  of  the  fint  gas  meMwrpd  under  die  preGsure  £ 
Under  a  preflRue  of  76  c  ■-  dns  sane  Tolune  would  mesraiei 

bj    [08],   r,  F^e:&'    Br  Ihe  al«qlCiol^tlus9Mliliiryafgll 

is  divided  into  two  parts :  fintya^noitfJilSfyXiy  wbich  remains  iii* 
disBcdved ;  second,  a  qnantitj,  je^,  wliidi  diasolTes  in  tbe  liquid; 

so  that  we  bare  X|  -{-  ^  =  t-|  F  ^ .    The  valoe  of  z^  may  not 

readilj  be  detennined  br  the  laws  of  absorption,  ance  we  knov 
the  coefficient  of  absorption  Ci,  MnA  can  easQj  calculate  the  pu^ 
tial  pressure  which  the  gas  exers  on  the  liquid  after  the  abeoip- 
tion.    Tbe  qwmtily  x,  of  gas,  if  measured  at  the  pressure  ff, 

76 
would  equal  Zi  -y, ;  and  since  the  whole  volume  of  mixed  gases 

remaining  unabsorbed,  or  F',  exerts  a  pressure  H* ,  the  partiil  ^ 

pressure  of  the  portion  of  this  volume  Xx  -jr,  must  be  y-^  76. 
At  the  pressure  of  76  c.  m.,  we  know  that  Fj  cTm^*  of  liquid  ab* 
scrips  Ci  Vx  cTm.'  of  the  gas.      Hence,  under  the  pressure  of 

^  76  c.  m.,  the  same  volume  of  liquid  will  absorb    '  y,  *  cS? 

of  gas.  This  is  the  value  of  x^ ;  and  substituting  it  sbovs» 
wo  obtain 


«i  + 


C|  f;  ti 


1^  ^ 


or     Xx  s=s 


r^r^ 


[145.] 


By  a  similar  course  of  reasoning,  we  should  obtain,  for  the  vol* 
umo  of  the  second  gas  remaining  tmabsorbed,  the  value 
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VtVJI 


yi'= 


76 


(■  +  ^)' 


for  the  sake  of  abbreviation,  we  put  il,  =  ri  V  H  and  A^  = 
VH,  also  B,=  {l  +  ''^  and  5,  =  (l  + 5!^^*),  we  shall 

ve  Xi  =  7g^  and  yi  =  yg-V  *"^^  ^°^  these  we  can  easily 

Iculate  the  composition  of  the  unit  of  volume  of  the  unab* 
rbed  gas,  which  we  shall  find  to  be 


tti  = 


ari  +  yi        A,B^  +  AB^' 


^  —  x,  +  f/,  —  A^B,+A,B,' 

(210.)  Analysis  of  a  Mixture  of  two  Gases  by  the  Absorption 
eter.  —  It  is  evident,  from  the  computations  of  the  last  section, 
at  we  can  even  determine  the  unknown  composition  of  a  gase- 
s  mixture  from  the  change  of  volume  it  undergoes  by  absorp- 
»n  in  a  known  volume  of  liquid.  This  leads  us  to  a  method  of 
8  analysis,  which,  under  certain  circumstances,  admits  of  great 
curacy,  and  enables  us  to  solve  problems  which  cannot  be  re- 
tved  by  the  ordinary  methods  of  chemical  investigation.  Let 
suppose,  then,  that  we  have  given  the  following  data,  all 
duced  to  0®  C,  as  before. 

=  the  original  yolume  of  the  gaseous  mixture,  measured  under  the 
pressure  IL 
'*    =  the  Yolume  of  the  mixture  af^er  absorption,  measured  under  the 

pressure  H', 
\    =  the  volume  of  absorbing  liquid. 

,  e^  =  the  ooeiQidents  of  absorption  of  the   two   gases   composing  the 
mixture. 

It  is  required,  from  these  data,  to  determine  the  relative  pro- 
nrtions  of  the  two  gases  in  tlie  original  mixture.  Let  us  repre- 
ait,  then,  by  the  unknown  quantities  .r  aud  y  the  volumes  of 
Je  two  constituent  gases  measured  under  the  pressure  1 ;  hjx* 
^  jf*,  the  volumes  of  these  gases  after  absorption  measured 
Bder  the  same  pressure. 
It  follows  directly  from  the  law  of  Mariotte,  that  the  volume 

\  if  measured  under  the  pressure  H'y  would  be   ^^ ;  and  since 

85 
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dus  TQlume,  after  file  abiogptioa,  fa  Mpfciwlfwl  throo|^  tib  iMi 
Tolimie  F^,  it  u  eiident  tbtt  the  putial  preeBoie  U  tb^ 
die  abeorlHiig  liq[iiid  u  te  modi  hm  tfaaa  £P  as  w,  is  iMte 
V\  and  must  therefikra  be  equal  to  y,.     The  voliuiie  d  tb 

firsi  gas  which  woold  be  absoibed  by  F^  eTiii?  of  liquid  vMhc 
die  i»essare  of  T6  c  m.  and  at  (f  (when  measured  at  0*  i4 
76  c  m.)  is  Ci  F^.    As  after  the  absorptiiHi  the  pressure  ezeilBl 

bj  the  first  gas  on  the  liquid  fa  <«(,  the  vblome  which  is  acte* 

ally  absorbed  (measnred  at  (f  and  T6  c.  m.)  is,  bj  [18!], 

tln^- .    If  thfa  Tolume  fa  measured  under  the  pressure  1  c.% 

it  will  beoome  Ct  V[  y^.    Henoe  we  haye 

c%J\  «  :=iA$voiMm$o/Jlnt jfmahorted mdotmr^ under Aeprmnl 

Hencsy  also. 


[MT.l 


Ptom  diis  Talue  of  x'  we  can  easQy  calculate  the  partial  pieiH] 
$un>  which  the  unabsorbed  portion  of  the  first  gas  exerts  on  the 
akwo^nng  liquid.    If  measured  under  the  pressure  H'y  the  tqI- 
umo  [147]  becomes 

and  iho  partial  pressure  it  exerts  is  as  much  less  than  H'  u 
this  volume  is  less  than  V'»  A,  simple  proportion  gives  us,  be 
Iho  valuo  of  this  pressure,  -mzn — V '  ^^  ^^®  manner,  by  s 
prxHMsely  similar  course  of  reasomng,  we  shall  obtain,  for  the  p•^ 
tial  prossuro  exerted  by  the  unabsorbed  portion  of  the  second  gU| 

|-  I  —  1^ .  Now,  since  it  is  these  two  pressures  which  make  sp 
tho  olisorvovl  total  pressure  H^y  we  have 

Returning  now  to  the  condition  of  the  gas  before  absorptioBf 
it  is  ovident  that  the  volume  of  the  first  gas,  which  measoiw  S 
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or  ihd  pressure  1»  would  measure  -^  under  the  pressure  H. 
»  the  partial  pressure  which  this  gas  exerted  before  the 
-ption  was  as  much  less  than  H  as  the  volume  jr  is  less  thau 
Qd  must  therefore  have  been  y. .  In  like  manner,  we  find 
the  partial  pressure  exerted  bj  the  second  gas  was  X- ;  so 
we  also  have 

^=f+f.  [149.] 

11  be  noticed  that  equation  [149]  may  be  derived  directly 

[148],  by  making  c,  and  c,  equal  to  zero,  which  would  be 

ase  where  there  was  no  absorption.     These  equations  may 

be  written  in  the  forms 

* 

1  =  (,y  +  o.  V,)  It'  +  (F'  +  c.  V,)B>* 

for  the  sake  of  abbreviation  we  put 

W=  VH, 

J  =  (  P  +  r,  f;)  jy, 

B  =  {V'-\-c,  r.)  H', 

equations  become 

l=J+|r,        and         1  =*-+!-. 

ombining  the  two,  we  easily  obtain 

X  _  W—B     -4 
7  ""  A—W  •  B^' 

alculating  the  percentage  composition. 


[150.] 


X      _  W—B     A  ,       -y A  —  W     B         rici  n 

I  an  example  of  this  method  of  analysis,  we  will  take  the 
obtained  in  an  experiment  with  the  absorption-meter  on  a 
are  of  carbonic  acid  gas  and  hydrogen,  as  given  by  Bunsen. 


41t 


G«  bdbre  abnq 

Ftio^ 

IMLM 

sixm 

1&4 

ITUi 

G«  lAcr  ahnffi 

■  _ 

mn 

CftM 

U 

UM 

VofanBc  oiTvflla', 

m                    m 

•               • 

S5CJ 

4 

^^ • 

m                    m 

• 

m                    m 

S5&1 
S3&.4 

Henoe  we  obtain 

JI  = 

SSufiSOfl^ 

r  = 

171.290, 

H'= 

6SiMO0; 

r= 

119.61(1^ 

^1  = 

1.4199, 

F,= 

S5&4O0^ 

^  = 

aoi9S, 

r  = 

9I94M7, 

j|  =42591^250, 

B  = 

8612.568. 

And  bj  substitating  these  nliies  in  P^Sl],  we  get  the  fidbv 
percentage  oompontion :  — 

Hjdragen, 09206  09246 

Cbrbooie  Add,  ....        00794  0.0754 

IXKNK)  liKXK) 

And  it  will  be  noticed  how  doeelj  these  lesolts  agree  with  tl 
obtained  by  chemical  analysis  with  the  eudiometer,  which 
given  at  the  side  for  comparison. 

By  substituting  the  numerical  values  in  [146],  it  will  be  fo 
that  the  percentage  composition  of  the  gas  remaining  ui 
sorbed  is, 

Hydrogen, 0.9829 

Carbonic  add, 0.0171 

1.0000 

The  same  method  of  gas  analysis  may  be  extended  to  mixti 
of  three  or  more  gases ;  but  when  the  number  of  gases  exc< 
two,  the  formulas  become  quite  complex,  and  the  results 
accurate. 

Gases  on  Gases. 

(211.)  Effusion.  —  It  has  been  found  by  Professor  Graha 
that  the  velocities  with  which  different  gases,  when  under  press 
flow  through  a  minute  aperture  in  a  metallic  plate,  are  do 

*  Philoeophical  TnmMustioiUi,  1S46,  p.  574. 
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slated  to  their  specific  gravities ;  and  to  these  phenomena  has  been 
iven  the  name  of  effusion.  In  his  experiments,  the  gases  were 
lade  to  flow  through  an  aperture  in  a  very  thin  metallic  plate, 
oii  more  than  one  three-hundredth  of  an  inch  in  diameter,  into 
bell-glass  on  the  plate  of  an  air-pump,  which  was  kept  vacuous 
f  continued  exhaustion.  The  velocity  of  the  flow  was  found 
» increase  with  the  degree  of  exhaustion,  (that  is,  with  the  pres- 
ire,)  until  it  amounted  to  about  one  third  of  an  atmosphere ; 
xt  higher  degrees  of  exhaustion  were  not  found  to  produce  a 
>rresponding  increase  of  velocity ;  and  when  the  vacuum  was 
darly  perfect,  a  difierence  of  one  inch  in  the  height  of  the  mer- 
iry  column  of  the  pump-gauge  scarcely  affected  the  rate  at 
hich  the  gas  entered  the  bell.  Through  an  aperture  in  a  thin 
late,  such  as  described,  sixty  cubic  inches  of  diy  air  were  found 
I  enter  the  vacuous  or  nearly  vacuous  receiver  in  one  thousand 
M)onds,  and  in  successive  experiments  the  time  of  passage  did 
ot  vary  more  than  one  or  two  seconds.  The  times  required  for 
pial  volumes  of  difierent  gases  to  flow  through  this  aperture 
•ere  found  to  be  very  nearly  proportional  to  the  square  roots  of 
aeir  specific  gravities.  Thus,  the  time  required  for  sixty  cubic 
lehes  of  oxygen  to  flow  through  the  aperture  was  observed  to  be 
,051.9, 1,051.9, 1,050.6,  1,050.2  seconds,  in  four  different  ex- 
leriments.  The  mean  of  these  numbers  is  1,051.1,  which  bears 
Imost  precisely  the  same  relation  to  1,000,  the  time  occupied 
ff  the  same  volume  of  air,  as  1.0515,  the  square  root  of  the  spe- 
ific  gravity  of  oxygen,  bears  to  1,  the  square  root  of  the  specific 
pravity  of  air. 

Since  the  times  occupied  by  equal  volumes  of  different  gases 
n  flowing  through  a  fine  aperture  are  proportional  to  the  square 
Riots  of  their  specific  gravities,  it  follows  that  the  velocity  of 
he  flow  must  be  inversely  proportional  to  the  square  roots  of  the 
yeeific  gravities,  or  directly  proportional  to  the  reciprocals  of 
Biese  quantities.  Representing,  then,  by  T  and  T',  the  number 
rf  seconds  required  by  equal  volumes  of  two  gases  in  flowing 
ato  a  vacuum,  we  have 

T  :  T  =  ^{Sp,  Gr.)  :  A/iSp.  Gr,y.  [152.] 

|ib  representing  by  t)  and  t)'  the  velocity  of  the  flow,  (that  is, 
%  volume  of  gas  entering  the  vacuum  in  one  second,)  we  have, 
<tee  T:  T' =  tV  :  t), 

86* 
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«>:«r  =  V(*nsyrVf5^)-;;^^^:;7^g^ 


If  we  aamuiie  flnt  die  rdodif  of  sir  is  mdtf,  H  tcXkm 
[15S],  tlial  the  Tdodty  of  anj  otiher  gM^  as  compoied  i/Uk 
imut  be  the  redproeal  of  the  aqun  root  of  its  specific 
if  the  principle  just  enunciated  is  eotieci.  That  iUa  is 
the  ease  is  shown  bj  the  ioDowing  taUe,  taken  firom 
Chemical  Phjsics.  In  the  last  colnnin  of  this  tsble,  hesdel] 
^  Bate  of  EflRision,''  the  Tdodties  of  difieient  gases 
with  air  as  nnitj  are  given,  as  dedneed  from  the  ezperimflDtii 
Professor  Graluun ;  and  it  will  be  noticed  that  thej  totj  donlf 
coincide  with  the  reciprocals  of  tiie  sqwan  roots  of  the  qiedti' 
granties  given  in  the  fourth  colunm.  The^coinddenoe  is  aloHitl 
absolute  in  the  case  of  those  gases  whose  specific  graritiiBS 
but  sKghtlj  from  that  of  the  air.  With  tbtj  light  or  tcij 
gases  the  deviation  is  much  greater ;  but  this  can  be 
to  be  occasioned  hy  the  tubularity  of  the  i^ierture,  arisiDg 
the  unavoidable  thickness  of  the  metallie  plate. 


Gm. 

Sf.Sr. 

'     #^    ^ 

1 

▼jJodtyrf 

1    liiitf 

t 

I  V^Sr>Or- 

1 

V^8p.Or. 

Hydrogen,      . 

0.0692S 

0.26S2 

8.7994 

8.8800 

8.nio 

Manh  Gm, 

0.5ft900 

0.7476 

1.8875 

1.S440 

1.8111 

Steam 

0*62350 

0.7896 

1.2664 

Carbonic  Oxide, 

0.96780 

0.9SS7 

1.0165 

1.0149 

1.019 

Nitrogen, 

0.97130 

0.9856 

1.0147 

1.0148 

IJIM 

Olefiant  Gain 

0.97800 

0.9889 

lilllS 

14^191 

iu)m 

Binoxide  of  Nitrogen,   . 

1.08900 

1.0196 

0.9808 

Oxygen,     . 

1.10660 

1.0515 

0.9310 

0.94S7 

OJ500 

Sulphnretted  Hydrogen, 

1.19120 

1.0914 

0.9161 

0.9500 

Protoxide  of  Nitrogen, 

1.52700 

1.2857 

0.809S 

0.8200 

0.8849 

Carbonic  Acid, 

1.52901 

1.2865 

0.8087 

0.8180 

03I19 

Snlpboroos  Acid, 

2.24700 

1.4991 

0.6671 

0.6800 

(212.)  Application  of  the  Law  of  Effusion.  —  The  law  rfeffifc-.  \ 
sioQ,  which  was  yerified  experimeii tally  by  Oraham  in  the  C8M'  \ 
of  gases,  is  true  generally  of  the  flow  of  all  fluids^  under  pm*  I 
sure,  through  an  aperture  in  a  very  thin  plate.  It  has  beet 
applied  by  Bunseu*  in  a  process  of  determining  the  qpaoib 

•  Hansen's  Gasometry,  p.  121. 
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f  gases,  which  is  exceedingly  simple,  and  of  especial  value 
1I7  a  small  quantity  of  the  gas  can  be  obtained.  The 
onsists  in  observing  carefully  the  times  required  by  the 
umes  of  any  given  gas  and  air  in  flowing  through  a  fine 
in  a  thin  plate  when  under  the  same  pressure.  Bepre- 
hese  times  by  T  and  T',  we  have,  from  [162], 

is  the  standard  of  specific  gravity,  (^Sp.Gr.y  =  l ;  and 
'  obtain 


^2 

pparatus  used  by  Bunsen  in  these  deter- 
.8  is  represented  in  Fig.  836.  It  consists 
3  bell,  a  a,  holding  about  seventy  cubic  cen- 
,  and  closed  above  by  the  glass  stopcock  c. 
eck  of  the  bell,  at  d,  there  is  adjusted,  by 
with  emery,  the  short  tube  6,  and  to  the 
is  tube  there  is  cemented  a  small  piece  of 
i-foil,  in  which  a  very  fine  hole  has  been 
!d.  In  order  that  the  plate  should  be  as 
the  hole  as  fine,  as  possible,  the  platinum- 
st  pierced  with  a  very  fine  cambric  needle, 
i  hammered  out  with  a  polished  hammer 
islied  anvil,  imtil  the  hole  is  no  longer 
)le  to  the  naked  eye,  and  can  only  be  seen 
e  plate  is  held  between  the  eye  and  a 
^ht.  The  edges  of  the  plate  are  next  cut 
as  to  leave  a  small  round  disk,  having 
in  its  centre.  The  diameter  of  this  disk 
e  a  little  less  than  that  of  the  top  of  the 
which  it  can  easily  be  cemented  with  a 
.  Within  the  bell,  when  in  use,  is  placed 
)  float,  b  6,  made  of  thin  glass,  in  order 
lay  be  as  light  as  possible.  At  the  top  of 
;  there  is  a  small  knob  of  black  glass,  j3, 
ted  by  a  thread  of  white  glass ;  and  at 
ts  j3i  and  jSa  two  black  glass  threads  arc 
round  the  stem  of  the  float,  which  serve 
-marks. 


[154-] 


Fig.  888. 
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In  using  tbis  instrument,  the  g^ass  bell,  filled  with  the  gu 
whose  specific  gravily  is  to  be  determined,  is  depressed  in  i 
merciuy  trough  until  the  index-mark  7^,  on  its  side,  is  on  1 
level  with  the  surface  of  the  mercury.  This  index-nuu^  is  so 
placed  tliat,  when  the  bell,  previously  filled  with  gas,  is  de- 
pressed as  just  described,  the  float  will  be  below  the  surface  of 
the  mercury  in  the  trough.  The  bell  is  now  fastened  securdjin 
this  position,  and  the  telescope  of  a  cathetometer  so  adjusted  that 
its  axis  shall  graze  the  surface  of  the  mercury  in  the  trough,  (Hie 
side  of  which,  being  made  of*  glass,  enables  the  observer,  IwAiDg 
through  the  telescope,  to  see  the  bell  distinctly.  The  apparatus 
being  thus  arranged,  the  observer  opens  tlie  stopcock  c,  and  tbea 
closely  watches  the  tube  through  the  telescope.  After  some  time, 
the  white  thread  of  the  float  rises  into  the  field,  and  forewarn 
the  observer  that  the  black  knob  will  soon  appear.  The  momaiit 
this  is  seen,  be  commences  his  observation,  and  notes  the  exact 
number  of  seconds  before  the  index-mark  fii  appears  in  the  fidd 
of  his  telescope,  of  the  approach  of  which  he  is  fopewamed  hj 
previously  seeing  the  mark  j3i. 

From  the  construction  of  the  instrument,  it  is  evident  that  the 
time  thus  observed  is  the  time  required  for  the  flow,  through  the 
fine  hole  in  the  plate  e,  of  a  given  volume  of  gas,  under  a  giTen, 
although  varying,  pressure ;  and,  moreover,  that  this  volume  and 
pressure  must  be  the  same  in  all  experiments  with  the  same 
instrument.  Hence  the  squares  of  the  times,  in  the  case  of  dif- 
ferent gases,  must  bo  proportional  to  their  specific  gravities ;  so 
that,  having  once  for  all  determined  the  time  required  by  air,  we 
can  easily,  by  means  of  [154],  calculate  the  specific  gravity  of 
any  given  gas  from  a  single  observation  of  the  time  of  its  efiusion. 
It  is  always  best,  however,  to  repeat  the  observation  several  times, 
and  take  the  mean  of  the  results. 

The  following  table  will  give  an  idea  of  the  degree  of  accnracf 
which  can  be  attained  by  this  process.  Column  I.  gives  tiM 
mean  specific  gravities  calculated  from  several  efiusion  experi- 
ments on  each  gas,  and  Column  11.  the  specific  gravities  of  tfal 
same  gases  calculated  from  their  chemical  equivalents. 

The  agreement  between  the  calculated  and  the  observed  re- 
sults is  very  satisfactory ;  so  that,  although  this  process  is  sol 
comparable  in  accuracy  with  the  direct  method  of  determining* 
specific  gravities  hereafter  to  be  described,  it  is  nevertheless,  oa  < 
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;  of  its  great  simplicitj,  recommended  by  Bunsen  for  use 
krts  when  only  approximate  results  are  required. 


lie  Add,    . 
C  O  +  1  Yol.  C  Oa, 
n,      .        .        . 
0  -t-  8  ▼ol.  H,      . 
gen,  . 


1.000 
1.685 
1.203 
1.118 
0.414 
0.079 


n. 


1.000 
1.620 
1.244 
1.106 
0.415 
0.069 


+0.015 
—0.041 
+0.012 
—0.001 
+0.010 


.)  Transpiration.  —  The  flow  of  gases  under  pressure 
1  long  capillary  tubes  presents  a  class  of  phenomena  en- 
iflerent  from  those  of  effusion,  and  has  been  termed  by 
1  Transpiration,  With  a  tube  of  a  given  diameter,  Gra- 
und  that  the  shorter  the  tube,  the  more  nearly  tlie  rate  of 
ration  approximates  to  the  rate  of  effusion  ;  while,  on  the 
and,  as  the  tube  was  lengthened,  he  observed  a  deviation 
le  effusion  rate,  which  was  very  rapid  with  the  first  increase 
th,  but  became  gradually  less,  and  reached  a  maximum 
certain  length  had  been  attained.  It  was  therefore  neces- 
order  to  eliminate  the  effects  of  effusion  from  experiments 
ispiration,  to  employ  a  considerable  length  of  tube ;  and 
Ins  precaution  was  observed,  uniform  results  were  obtained, 
iigth  required  in  any  case  was  found  to  vary  with  the 
er  of  the  tube,  and  also,  to  a  certain  extent,  with  the  na- 
r  the  gas.  The  most  important  conclusions  wliich  have 
educed  from  the  researches  hitherto  made  on  transpira- 
e  as  follows :  — 

L  The  velocity  of  transpiration  of  a  given  gas  through  a 
capillary  tube  increases  directly  with  the  pressure.  For 
le,  a  litre  of  air  of  double  the  density  of  the  atmosphere, 
erefore  exerting  twice  the  pressure,  will  pass  through  a 
ry  tube  into  a  vacuum  in  one  half  of  the  time  required  by 
me  volume  of  air  of  its  natural  density.  This  is  a  very 
cable  fact,  and  it  shows  that  the  process  of  transpiration 
very  greatly  in  character  from  effusion, 
indly.  With  tubes  of  the  same  diameter,  the  velocity  of 
[ration  of  a  given  gas  is  inversely  as  the  length  of  the 
For  example,  if  one  hundred  cubic  centimetres  of  air  will 
brough  a  capillary  tube  two  metres  long  in  ten  minutes,  a 
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tube  of  the  nmae  dUmetar  four  mfliret  fc»g  ^'Tj^ 
passage  of  only  fifty  cubic  centimetrea  "^***^*|*^ 

Thirdly.  The  velocity  of  transpiratioii  of  oq«M™"^'* 
paribus  J  diminishes  as  the  temperature  rises-      ^^ 

Fourthly.  The  velocity  of  transpiration  ^  **^  * 
same,  whether  the  tubes  were  of  copper  or  of  ^••t* 
a  porous  mass  of  stucco  was  used.  ^  ^ 

Fifthly.  The  velocity  of  transi4rati<m  vanes  wia  ^ 
gases,  and  appears  to  be  a  constitutional  property  ^vVg 
substance,  Uke  the  density  or  the  qjecific  heat,  not  <Mf»" 
is  the  case  with  efiusion,  on  the  specific  P*^^'       ,    ^ 

Of  all  gases  which  have  been  tried,  oxygen  has  flie  8l0«» 
transpiration ;  and  hence  it  may  be  conveniently  **^* 
ard  of  comparison  for  the  other  gases.    In  the  fi***^™" 
foUowing  table,  the  times  of  transpiration  of  equal  vol^ 
best-known  gases  are  given,  as  compared  with  tns*^ 
and  m  the  second  column,  the  corresponding  velocities  <« 
piration,  which  are  the  reciprocals  of  the  first  quantities, 
case  the  gas  was  transpired  through  the  same  tube,  an( 
precisely  the  same  circumstances  of  temperature  and  pre 

TranspiraMitsf  of  Gasei. 


Oxygen,    .... 

Air, 

^Nitrogen, 

<  Binoxide  of  Nitrogen, 
(  Carbonic  Oxide,    . 
(  Protoxide  of  Nitrogen, 
-<  Hydrochloric  Acid, 
(  Carbonic  Acid,  . 
Chlorine,    .... 
Snlphnroos  Acid,  . 
Snlphnretted  Hydrogen,    . 
Light  Carbnretted  Hydrogen, 
Ammonia, 

Cyanogen,     .        .        .        . 
OlefiantGas,     . 
Hydrogen,     .        .        .        . 


IteMftr 
Tnotpiimtfimor 

•qmiVoloM. 

1.0000 

0.90S0 

0.876S 

0.8764 

0.8787 

0.749S 

0.7363 

0.7800 

0.6664 

0.6S00 

0.6195 

0.5610 

0.5115 

0.5060 

0.5051 

0.4370 

Some  very  simple  relations  in  the  transpirability  of 
gases  may  be  discovered  by  examining  the  above  tabl 
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reights  of  oxygen,  nitrogen,  air,  and  carbonic  oxide  are 
red  in  equal  times  ;  the  velocities  of  nitrogen,  binoxide  of 
Q,  and  carbonic  oxide,  are  equal ;  the  velocity  of  hydro- 
double  that  of  tlie  three  just  mentioned ;  the  velocities 
irine  and  of  oxygen  are  as  three  to  two.  Many  other 
cases  might  be  cited ;  but  these  relations  seem  to  be 
accidental,  and  have  not  as  yet  been  connected  with  the 
roperties  of  the  substances.  '^  Professor  Graham  consid- 
present,  that  it  is  most  probable  that  the  rate  of  transpi- 
s  the  resultant  of  a  kind  of  elasticity  depending  upon  the 
e  quantity  of  heat,  latent  as  well  as  sensible,  which  differ- 
les  contain  under  the  same  volume,  and  therefore  that  it 
found  to  be  connected  more  immediately  with  the  specific 
an  with  any  other  property  of  gases."  * 
y.  The  velocity  of  transpiration  of  a  mixture  of  equal 
8  of  two  gases  is  not  always  the  mean  of  the  velocities  of 
3  gases  when  separate.  For  example,  the  velocity  of  a 
e  of  equal  volumes  of  oxygen  and  hydrogen  is  1.110,  in- 
)f  1.383,  which  would  be  the  mean  velocity  of  the  two 


.)  Diffusion.  —  The  tendency  of  gases  to  mix  with  each 
s  so  strong,  that  it  will  overcome  the 
t  diflFerences  of  specific  gravity ;  and, 
y  to  what  a  superficial  consideration 
lead  us  to  expect,  the  more  widely 
jes  differ  in  specific  gravity,  the  more 
s  the  process  of  intermixture.  Tliis 
is  termed  diffusion^  and  may  be 
ted  by  means  of  the  apparatus  rep- 
d  in  Fig.  337,  consisting  simply  of 
ttles,  A  and  £r,  connected  together 
ag  glass  tube.  If  we  fill  the  upper 
vith  hydrogen  and  the  lower  bottle 
ilorine,  we  shall  find,  in  the  course 
r  hours,  that  the  two  gases  have  been 
y  mixed  together,  although  the  ra- 
heir  specific  gravities  is  three  times 
t  as  the  ratio  of  the  specific  grav- 
mercury  to  that  of   water.     The 

♦  Mnier*8  Elements  of  Chemistry,  Part  I.  p.  86. 
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chlorine,  although  thirty-eix  times  heavier  tiian  hjdrogen,  *31 
be  found  to  have  made  its  way  into  the  upper  bottle,  as  mr 
be  seen  by  its  green  color,  while  the  hydn^n  irill  have  passed 
downwards  into  the  lower  one ;  and  when  once  mixed,  tiie  two 
gases  will  never  separate,  however  long  they  may  remain  U 
rest. 

Wliat  has  been  shown  to  l>e  true  of  hydrogen  and  chlorine  is 
equally  tnie  of  all  other  gases  and  vapors,  which  do  not  act  cbem- 
icalty  on  each  other.  The  only  differences  observed  with  di^ 
ent  Mibstaiicos  are  the  times  required  to  effect  a  perfect  mixture; 
but  when  once  made,  this  mixture,  iu  all  cases,  continues  luii- 
fonn  and  permanent.  This  subject  may  bo  still  further  illof- 
tratod  by  filling  two  tall,  narrow  glass  bells  of  equal  diameten 
over  a  pneumatic  trough,  the  one  half  full  of  hydrogen,  and  tbe 
other  half  full  of  air,  so  that  the  water  shall  stand  at  the  ssma 
Ijvd  in  both.  If,  now,  we  pass  up  a  few  drops  of  etlier  into  eacli 
jar,  tlie  same  quantity  of  ether  will  evaporate  in  both,  and  cauee, 
ultimately,  the  same  depression  of  the  water-level ;  but  the  ex- 
pansion of  the  hydrogen  will  take  place  much  the  sooneEt, 
because,  being  fourteen  and  a  half  times  lighter  than  air,  Iha 
heavy  ether  vapor  will  mix  with  it  more  rapidly. 

Tho  l;nv  which  governs  tbe  rapidity  of  gaseous  diffusion  was 
discovered  by  Graham,  by  lueaus  of  the  apparatus  represeuW 
in  Fig.  338,  and  called  hy  bim 
a  diffusion  tubr.  It  consists  of 
a  glass  tube  thirty  or  forty  cen- 
timetres in  length,  one  end  of 
which  is  closed  by  a  plug  ot 
plaster  of  Paris,  which  sliouU 
bo  as  thin  as  is  consistent  with 
strength.  This  tube  serves  tat 
boll  for  holding  the  gas  under 
experiment  over  the  water  cm- 
taiucd  in  a  tall  glass  jar;  «id 
it  may  be  easily  filled  without 
wetting  the  porous  diaplini^ 
by  means  of  a  glass  siphon-tube, 
OS  represented  in  the  figure.  While  filling  the  tube,  the  top  i* 
closed  by  means  of.a  glass  plate,  which  has  previously  been  caic- 
fully  ground  with  emery  on  to  the  upper  edge  above  the  plasWr 
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bn^m.     The  tube,  when  filled  with  gas,  should  be  so  sup- 
3d  that  the  water  may  be  on  the  same  level  within  and 
out  the  tube.     If  then  the  glass  covering-plate  is  removed, 
gas  will  be  found  to    mix  with  the  air  through  the  thin 
;er  diaphragm,  the  gas  passing  out  into  the  atmosphere,  and 
air,  on  the  other  hand,  entering  the  tube.     The  relative  ve- 
y  of  the  two  currents  vnll  be  found  to  depend  on  the  relative 
ity  of  the  gas  as  compared  with  air.     If  the  gas  is  lighter 
air,  the  outer  current  will  be  the  most  rapid,  and  the  water 
mn  will  rise  in  the  tube  to  supply  the  vacuum  thus  formed  ; 
e,  on  the  other  hand,  if  the  gas  is  heavier  than  air,  the 
ird  current  will  be  the  most  rapid,  and  the  water  column  will 
iepressed.     If  the  gas  is  hydrogen,  which  is  fourteen  and  a 
times  lighter  than  air,  the  outer  current  will  be  so  much  the 
t  rapid,  that  in  the  course  of  a  few  minutes  the  water  column, 
sr  favorable  circumstances,  will  rise  to  over  one  half  the 
ht  of  the  tube.    .In  all  cases,  after  a  certain  time,  varying 
I  the  specific  gravity  of  the  gas  and  the  thickness  of  the  dia- 
igm,  the  gas  in  the  tube  will  have  been  replaced  entirely  by 
lume  of  air,  which  will  be  greater  or  less  than  the  original 
ime  of  gas,  according  as  the  velocity  of  difiusion  of  the  air  is 
iter  or  less  than  that  of  the  gas.     By  comparing,  then,  the 
inal  volume  of  the  gas  with  the  volume  of  the  air  remaining 
he  tube  at  the  close  of  the  experiment,  we  shall  have  at  once 
relative  velocity  of  diffusion  of  the  two  gases.     In  making 
eriments  for  the  purpose  of  determining  the  velocity  of  diflii- 
1,  it  is  evidently  essential  to  maintain  the  water  at  the  same 
1,  both  within  and  without  the  tube,  since  otherwise  the  efiects 
lifiusion  would  be  modified  by  the  hydrostatic  pressure. 
.8  an  illustration  of  the  method  of  determining  the  velocity  of 
ision,  let  us  suppose  that  the  tube  was  filled  with  100  cm.'  of 
rogen  gas,  and  that  at  the  end  of  the  experiment,  duritig 
ch  the  surface  of  the  water  within  and  without  the  tube  was 
fully  maintained  at  the  same  level,  there  remained  in  the 
J  26.1  c.  m.*  of  air.     It  is  evident,  then,  that  during  the  time 
dm.*  of  hydrogen  escaped  from  the  tube  through  the  porous 
ihragm,  26.1  cTm.'  of  air  entered.     Hence,   the  velocity  of 
diffusion  of  hydrogen  is  3.83  times  (equal  to  100  -r-  26.1) 
e  rapid  than  that  of  air.     In  the  same  way,  all  the  numbers 
lie  column  of  tlie  following  table  headed  "  Velocity  of  Diffu- 
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RT/:''  -T'^rt  5XIZ.L    Ti^ia  each  case  indicate  the 
diffT'vx:  &«  ^xziiifcr^i  viik  azr :  and  it  will  be  uotioed  thttlhf 
T^rr  Learir  »»iijc:d«e  wiA  the  rdocitr  of  efiusion. 

IXmttioM  of  Gams, 


^/STS: 


HtL-tok:.      . 

O..0lB»i 

0.dO2 

)LkrKi  «;;^. 

OlSjMO 

0.7476 

fevaa 

04i2S30 

0.7^»6 

CiTiOc-cOx;?:-. 

O.WT^O 

0^897 

NfiriAf^Mf 

0371:10 

03»5« 

Ol^r&uu  <^i±#. 

037^900 

038S9 

Binoxidf  of  S;tr»^j*  n,    . 

lJ38dO0 

1.0196 

OxTg^n.      . 

I.IOMO 

1.0515 

■  SaJpbanttcd   flvtlroseii. 

l.I»l^ 

1.0914 

i  Pfrrfoxid^  of  Xion^tD, 

l.$2700 

1.2357 

Ctf^XiOic  Arid, 

1.52901 

1.2365 

'  Salphnroiu  Acid, 

2.24700 

1.4991 

1 

▼•tocUTor 

^8p.OTu 

S.7994 

8.8300 

1.3375 

1.3440 

1.2664 

1.0166 

1.0149 

1.0147 

1.0143 

1.0112 

1.0191 

0.9808 

0.9510 

0.9487 

0.9162 

0.9500 

0.8092 

0.8200 

0.8087 

0.8120 

0.6671 

0.efM 

biitf 


urn 
ija 

1M4 
OJSOU 


It  apjicars,  then,  that  the  relocitj  of  diffusion  of  a  gas  is  fli 
Bainc*  as  the  velocity  of  effusion,  and  hence,  like  the  latter,  ll 
inversely  prof><jrtional  to  the  square  root  of  its  specific  graritf. 
In  other  wonls,  gases  expand  into  each  other  according  to  the  samB 
law  which  they  obey  in  expanding  freely  into  a  vacuum.  This&ci 
has  been  thought  to  support  the  theory  of  Dr.  Dalton,  that  gases 
are  inelastic  towards  each  other,  one  gas  offering  no  more  pe^ 
inanent  resistance  to  the  expansion  of  another  gas  than  wonH 
h(5  presiMitcd  by  a  vacuum.  Thus,  in  the  experiment  with  tlie 
two  bottles  (P^ig.  3;]7),  Dalton  supposed  that  the  hydrogen  ex- 
panded through  the  space  occupied  by  the  chlorine  just  as  if  tb 
Hpac(j  were  entirely  empty  ;  and  he  explained  why  the  expafr 
Hion  was  not  instantaneous  by  the  supposition  tliat  the  particles 
o#  chlorine  offer  the  same  sort  of  resistance  to  the  motion  rf 
hydrogen  as  is  offered  by  the  stones  on  the  bed  of  a  brook  to 
the  running  of  water.  There  can  be  no  question  that  the  nlti- 
in:it(^  result  of  diffusion  is  always  in  conformity  with  Daltons 
tlujory  ;  and  although  we  may  hesitate  to  assume  that  gases  ai« 
in  all  respects  vac'ua  to  each  other,  yet  this  theory  is  at  pw^ 
ent  tbe  most  convenient  mode  of  expressing  the  phenomena  d 
diffusion. 

If,  instead  of  using  a  homogeneous  gas,  we  introduce  a  mixture 
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)  or  more  gases  iuto  tlto  dilTusioii-tube,  each  gas  Till  be 

to  preserve  its  own  rate  of  difTusion.     Thus,  if  tlie  mixture 

ts  of  hydrogen  and  carboAic  acid,  the  hydrt^n  will  escape 

.he  tube  much  more  rapidly  than  the  carbonic  acid,  and  a 

I  mechanical   separation  of  the   two  gases   may  thus  bo 

■d, 

i  not  essential  tliat  tlio  top  of  the  difTnsion-tube  should  be 
vitb  plaster  of  Paris.     Any  dry  porous  substance,  such  as 

lal,  wood,  uuglazed  earthen-ware,  or  dried  bladder,  may  be 

:uted  for  the  stucco ;  biit  few  of  them  answer  so  well.*  The 

•agm  is  best  prepared  by  casting  a  Tery  tltiii  disk  of  plaster 

^lass  plate,  and,  after  it  is  thoroughly  dried,  cutting  it  to 

quired  size  with  a  sharp  knife,  and  cementing  the  cdg% 

ealing-wax  to  the  inner  rim  of  llie  tultc. 

■  aisccnt  of  a  column  of  water  in  tbo  tube,  wJicn  hydrogen 

\iscd,  forms  a  very  striking  exjicrimcnt.     This  may  read- 
i-tiuwn  to  an  Dudicnce  with  a  Gra-    - 

difTusion-tubc  about  a  metre  in  beiglit 

our  or  five  centimetres  in  diameter, 

;   the  bottom   in   a   pan   of   colored 
The  tube  can  easily  be  filled  with 

gen  by  dii^placcment,  and  the  gas  re- 
in its  place  by  covering  tlie  top  with 

and-glass  plate,  which  should  be  re- 

1  at  the  time  of  tlie  experiment.    The 

principle  can  be  even  more  strikingly 

ated  by  means  of  an  apparatus   de- 

d    by  ProfcFEor   Silliman,    Jr.,    and 

ented  in  Pig.  3£9.      It   is  made  by 

iting   the   open   mouth   of    a   porous 

n-ware  cell  (such  as  arc  used  in  a 

lie  battery)  to  the  mouth  of  a  glass 

I,  and  then  lengthening  the  spout  by 

ing   to   it  a  long  glass  tube  of  the 

diameter.     Whon  in   use,  the  appa- 

is   supported   as   represented  in  the 

,  so  that  the  end  of  the  tube  shall  dip 


plftss  filled  with  colored  water.     If,  now,  we  hold  c 


rthe 


4M 


null  of  air  from  xhe  aiie  liiniodi  ih 
dbe  lijdrugeau  diffiuiec  imo  lite  oA  itisaxihrinir 
die  air  pMHiw  unt ;  Inix  ii}kiii  remcffing  &e  UD^rf 
onoditiuus  are  nrr^nibd. — tlie  lrrdrae«m.idnfiiAB«dl 
talus,  diAuK«  ixitu  tlte  a£aKiq:diBre.  and  xbe  iwbni'VBM 
diald J  riiief  iiilo  liie  tube.  ^ 

As  all  gases  are  expazidad  br  btasL  mud  Om^bm 
jyewfioi]]/  lifter,  it  foQ^iirs  that  liie 
Aon  <iif  auj  fas  (meaBored  Lj  ToiboBe  i 
<if  lempemture ;  but  sanoe  aa  ckrukn  «f  lenyamnt  ii* 
increase  tine  nu«  of  diflfoaon  a^  rapodlj  ar  it  daes  dcwta 
a  gas,  it  is  also  tme  that  the  fame  veigiit  of  aBrgvail^ 
fased  iiK««  rsf^dl J  at  a  low  tliaa  at  a  bigh  tiyiijaiil  i"*  I 
bereafier  be  shovn  tbat  heat  expandi;  all  gms  efadlfvi 
their  relatire  dexudtkx  aie  preserrad,  howvvvr  great  ^  <ki 

temperature.  Hence  the  relative  rvjodties  «f  fiSaskn, 
are  g^rea  in  the  table  on  p.  422,  are  the  same  lor  all  v 
tares,  prorided,  of  course,  the  gases  be  heated  aqnalk. 

This  diflfusive  pover  <j(  gases  is  of  the  greaaest  impors 
presening  the  puritr  of  our  atmoFphere.  As  it  is,  the 
carbonic  acid  from  our  lungs,  the  deleterious  fumef  fi 
factories,  and  the  miasmatic  emanations  iram  tlie  mars 
rapidlj  i^pread  through  llie  atmosphere  and  rendered  bar 
extreme  dilution,  until  ther  can  be  removed  hv  UiC  U 
means  apfK>int(.'d  for  this  end.  Moreover,  the  more  tb 
in  densitj  from  the  air,  and  the  more«  therefore,  ther  wo 
to  scfiarate  from  it,  the  stronger  is  the  force  bjr  which 
compelled  U}  mix.  Were  it  not  for  this  provision  in  th 
tution  of  gases,  these  injurious  substances  would  remsd 
tliej  were  formed,  and  might  produce  the  most  disastroi 
quences.  If  we  consider,  also,  the  oxygen  and  nitrogen 
the  atmosphere  essentially  consists,  they  differ  in  densit 
proportions  of  1105  to  971 ;  but  yet  they  are  so  perfectl; 
that  the  most  accurate  chemical  analysis  has  been  able  t 
no  difference  between  the  air  brought  from  the  top 
Blanc  and  that  from  the  deepest  mine  of  Cornwall.  \ 
force  of  diffusion  much  less  than  it  is,  these  two  gases  w< 
arato  partially,  and  the  atmosphere  be  unfitted  for  ma 
important  functions. 
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m,*  who  has  more  recently  studied  the  phenomena  of 
difiusion,  has  obtained  results  which  do  not  coincide  with 
mliniple  law  discovered  by  Crraham,  and  enunciated  above. 
►  discrepancy  between  the  results  of  these  two  eminent  obscrv- 
-firobably  arises  from  the  great  thickness  of  the  plaster  dia- 
lljgm  in  the  apparatus  used  by  Bunsen ;  in  consequence  of 
bli  the  phenomena  of  diffusion  were  modified  by  those  of 
u^piration.  Compare  (213).  The  same  must  be  true,  to  a 
iBdn  extent,  of  the  diffusion-tube  of  Graham  ;  and  the  experi- 
I4b1  results  will  probably  approach  the  law  in  proportion  as 
tliickness  of  the  diaphragm  is  diminished,  actually  coinciding 
i^  it  only  when  the  diaphragm  is  entirely  removed  and  the 
b9  expand  freely  into  each  other. 

[S15.)  Passage  of  Gases  through  Membranes,  —  If  a  bladder 
P  filled  with  air,  and  having  its  mouth  tied,  is  passed  up  into 
(O-glass  of  carbonic  acid  standing  over  water,  it  will  become, 
Bie  course  of  twenty-four  hours,  fully  distended,  and  may  even 
^  owing  to  the  passage  of  carbonic  acid  gas  through  the 
es  of  the  bladder.  This  is  not,  however,  a  simple  phenom- 
^  of  diffusion,  since  the  carbonic  acid  enters  the  bladder  as  a 
rid  dissolved  in  the  water  permeating  the  substance  of  the 
iibrane,  and  evaporates  from  the  inner  surface  of  the  bladder 
I  any  other  volatile  liquid.  A  similar  transfer  takes  place 
[i  a  jar  of  gas  standing  on  the  shelf  of  a  pneumatic  trough. 
\  water  dissolves,  to  a  slight  extent,  the  gases  of  the  atmos- 
re,  which  subsequently  evaporate  into  the  jar,  while  at  the 
te  time  the  gas  in  the  jar  slowly  passes  out,  in  a  similar  way, 
\  the  atmosphere.  For  this  reason,  gases  confined  over  water 
not  be  kept  pure  for  any  length  of  time.  Analogous  phenom- 
have  been  observed  with  membranes  of  india-rubber,  a  sub- 
ice  which  has  the  power  of  absorbing  many  gases  to  a  remark- 
)  extent,  especially  those  which  are  more  easily  liquefied.  It 
robable  that  the  gases  are  always  liquefied  in  the  india-rubber, 
.  pass  through  it  in  this  condition,  evaporating  subsequently 
tlie  interior  surface  of  the  membrane.  A  similar  absorption 
st  take  place,  to  a  greater  or  less  extent,  with  any  diaphragm ; 
Q  with  plaster  of  Paris  it  is  appreciable,  and  slightly  modifies 
experimental  results  of  diffusion. 


*  Bansen's  Gasometry,  p.  19S. 

36  • 


CHAPTER  IV, 


HSAT. 


(215  bis.)  Theory  of  Heat.  — AH  natural  substences  tie,  ift 
certam  conditions,  capable  of  producing  on  our  bodies  peculiar 
sensations,  which  we  designate  by  the  words  heat  and  eoli.  Thflie 
sensations  maj  result  from  direct  contact  with  the  substance,  m 
when  we  touch  a  heated  stove ;  or  they  may  be  produced  at  i 
great  distance  from  it,  as  when  we  are  warmed  by  the  radiatioi 
fr^m  burning  fuel  or  by  tiie  rays  of  the  sun. 

To  the  cause  of  these  effects  we  give  tlie  name  of  heat ;  bai 
according  to  the  most  generally  received  tlieory  heat  is  not  a  dk- 
tinct  agent,  but  merely  an  affection  of  matter,  and  the  phenomeut 
of  heat  are  thought  to  be  caused  by  the  motion  of  the  moleeoki 
of  which  all  matter  must  be  supposed  to  consist.  Not  only  ue 
the  molecules  of  all  bodies  assumed  to  be  in  rapid  naotion  among 
themselves,  but  the  fhotion  of  tlie  molecules  is  supposed  to  obqr 
the  same  laws  as  the  motion  of  large  masses  of  matter.  More- 
over, the  molecules  are  assumed  to  be  perfectly  elastic, 'so  that 
motion  may  be  transferred  from  one  molecule  to  another,  as  from 
one  billiard-ball  to  another.  Again,  when  a  moving  body  is 
suddenly  arrested,  it  is  supposed  that  the  motion  of  the  body  is 
distributed  among  the  surrounding  atoms ;  and  on  the  oUier  hsnd 
it  is  inferred  that  moving  atoms  may  transfer  their  motioo  to 
masses  of  matter,  and  the  atoms  of  steam,  it  is  thought,  thus 
impart  motion  to  the  piston  of  the  steam-engine. 

According,  then,  to  this  view,  a  heated  body  differs  from  a  ooU 
body  t)nly  in  the  fact  that  its  molecules  are  moving  more  rapidly 
within  its  mass.  The  moving  power  of  the  individual  mdecuki 
represents  what  we  call  the  temperature,  and  this  is  the  measuis 
of  tlie  force  with  which  they  would  impress  the  nerves  of  feeliii(> 
The  higlier  the  temperature,  the  greater  is  the  moving  power,  anl 
for  the  same  temperature  the  molecules  of  all  bodies  are  assomsi 
to  have  the  same  moving  power.  The  zero  of  absolute  cold  vodi 
be  the  temperature  at  which  the  molecules  are  at  rest,  but  such* 
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point  has  never  been  reached,  even,  if  it  is  a  possible  condition  of 
matter.  While  the  moTing  power  of  the  individual  molecules 
represents  the  temperature  of  a  body,  the  total  moving  power  of 
all  the  molecules  represents  the  amount  of  heat  which  it  contains. 
Quantity  of  heat,  then,  is  simply  quantity  of  motion ;  and,  as  wo 
shall  hereafter  see,  the  quantity  of  motion  corresponding  to  each 
heat  unit  is  capable  of  exact  measurement. 

The  transfer  of  heat  from  one  body  to  another  is  simply  the 
transfer  of  motion  from  the  molecules  of  the  one  body  to  the 
molecules  of  the  other.  This  transfer  may  result  either  from 
the  direct  collision  of  the  molecules,  as  when  one  ivory  ball 
strikes  another,  or  it  may  be  effected  through  tlie  intervention 
of  the  ether  atoms  by  w^hich  the  molecules  of  all  bodies  are 
assumed  to  be  surrounded,  the  line  of  ether  atoms  along  which 
the  motioii  may  be  supposed  to  be  transmitted,  as  along  a  line  of 
ivory  balls,  representing  the  rays  of  heat.  Such  is  thought  to  be 
the  difference  between  the  conduction  and  the  radiation  of  heat ; 
4dthough  it  may  be  that  motion  cannot  pass  even  from  molecule 
to  molecule  except  through  the  contiguous  atoms  of  ether. 

The  difference  between  the  three  states  of  aggregation  of  mat- 
tier,  according  to  the  theory  we  are  considering,  depends  upon 
the  rdative  freedom  of  motion  of  the  material  molecules.     In  a 
fM  this  motion  is  wholly  unrestrained,  and  the  tension  of  the  gas 
k  supposed  to  be  due  to  the  collision  of  the  atoms  against  the 
vbOs  of  the  containing  vessel.     If  the  walls  arc  unyielding,  the 
itons  recoil  without  losing  any  moving  power,  as  any  elastic  ball 
would  rebound  from  a  fixed  obstacle  (109).     When,  however, 
fte  walls  yield  to  the  atomic  blows,  then  the  atoms  lose  a  portion 
cf  their  moving  power,  and  a  lower  temperature  is  the  result.    In 
iioth  solids  and  liquids  the  motion  is  supposed  to  be  more  or  less 
dreumscribed  by  the  molecular  forces,  just  as  the  force  of  gravita- 
tion restrains  the  motion  of  the  planets  and  keeps  each  in  a  fixed 
•rbit.     In  the  solid  the  motion  is  more  circumscribed  than  in 
Ptte  liquid,  but  in  regard  to  the  mode  of  motion  in  eitlier  case 
fliere  is  no  imiformity  of  opinion.     As  tlie  temperature  of  a  body 
increases,  the  moving  power  of  its  molecules  may  become  great 
Plough  to  overcome  the  molecular  forces,  and  tlien  the  molecules, 
l^^ed  from  the  restraint  which  bound  them,  will  move  among  each 
fHher  with  more  or  les»  freedom,  the  solid  changing  first  into  a 
liquid  and  afterwards  into  a  gas.     Since,  however,  the  molecular 
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forces  can  only  be  overcome  bj  the  cxpenditow  of  mmg 
such  a  change  must  be  attended  with  the  afaeoqilioQofbeit; 
when,  on  the  other  hand,  in  conseqaenoe  of  the  ndnelioD  of 
pcrature,  and  consequently  of  die  moving  power  of  tte 
these  are  brought  again  under  the  influeiioe  of  tte 
forces,  an  equivalent  amount  of  heat  is  set  free;  jut «t 
which,  thrown  from  the  earth,  falb  again  to  the  ground, 
while  fulling,  the  same  momentum  which  it  lost  while  lUDg. 

It  will  hereafter  appear  that  the  change  of  state  rf 
is  always  accompanied  by  such  an  absorpticHi  or 
as  the  theory  predicts.     Moreover,  it  will  also  appear  flat 
arrest  of  motion  is  always  attended  with  the  evolation  of 
and  that  the  amount  of  heat  evolved  is  the  exact  equiTikntcfl 
moving  power  which  has  disappeared ;  as  must  neceearilybB 
case,  if,  as  the  theory  assumes,  the  moving  power  is 
the  neighboring  molecules  at  the  moment  of  colliaoo,  snd 
motion  manifests  itself  in  the  phenomena  of  heat. 

According  to  the  modem  theory  of  chemistry,  equal 
of  all  substances  in  the  state  of  gas  contain  predsdy  the 
number  of  molecules,  or,  what  amounts  to  the  same  thingi 
molecules  of  all  bodies  in  the  state  of  gas  occupy  exactly 
volumes.     Hence  it  follows  that  the  weights  of  the  molecuto 
any  two  substances  must  be  to  each  other  in  the  same  pi 
as  the  specific  gravities  of  these  substances  when  in  the  stite 
gas,  or 

w  :  w,  =  Sp.  Gr.  :  Sp.  Gr.' 

If,  then,  wc  assume  that  the  hydrogen  molecule  shall  be  the  oil 
in  our  system  of  niolocular  weights,  we  can  easily  calculate  tN 
molecular  weights  of  all  other  bodies  as  compared  witli  tliat  of. 
hydrogen.  The  molecular  weights  thus  obtained  are  either  *• 
same  numbers  as  those  which  express  in  chemistry  the  eoinbiniH 
proportions  of  the  different  elements,  or  else  they  are  some  flin[h 
multiple  of  these  numbers. 

If,  now,  we  represent  by  Fand  K  the  velocities  with  which* 
molecules  of  any  two  substances  in  the  state  of  gas  are  moving  I 
any  given  temperature,  for  example,  0**  Centigrade,  theu,  sin* 
according  to  our  theory,  the  moving  power  of  any  two  such  m(J< 
eules  must  be  the  same  at  the  same  temperature,  we  shall  ha^ 
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Crom  this  we  can  readily  deduce  the  proportion 

V:V,  =  )/m,  :  y/m  =  VSpTGr;' :  y^SpTGr. 

is,  the  velocities  of  the  motion  of  the  molecules  of  any  two 
tences  in  the  state  of  gas  are  inversely  proportional  to  the 
re  roots  of  the  weights  of  these  molecules,  or  to  the  square 
I  of  the  specific  gravities  of  the  gases.  The  difiiision  of  gases 
0  is  evidently  a  necessary  result  of  molecular  motion,  and 
•elative  velocity  of  diffusion  must  be  the  same  as  the  relative 
sity  of  the  molecular  motion,  and  hence  must  be  inversely 
prtional  to  the  square  roots  of  the  specific  gravities  of  the 
cent  gases.  This  is  the  simple  law  already  enunciated  on 
'  422. 

ccording  to  th^  theory  here  adopted,  the  value  J  m  F^,  which 
esents  both  the  moving  power  of  a  given  molecule  and  the 
Derature  of  the  body  of  which  the  molecule  is  a  part,  repre- 
3  also  the  quantity  of  heat  which  that  molecule  contains, 
ce,  as  all  molecules  at  the  same  temperature  have  the  same 
ing  power,  they  must  have  also  the  same  quantity  of  heat, 
mst,  therefore,  require  the  same  quantity  of  heat  to  raise  the 
Dcrature  of  a  single  molecule  of  any  substance  the  same  nimi- 
)f  degrees.    And  if  this  is  true  of  single  molecules,  it  must  be 

of  equal  numbers  of  such  molecules,  or,  in  other  words,  of 
;hts  of  different  substances  which  bear  to  each  other  the  same 
:ion  as  the  weights  of  their  respective  molecules.  If,  then, 
freights  of  two  substances,  Jlf  and  M',  are  to  each  other  in  the 
}  proportion  as  the  weights  of  the  molecules  of  these  sub- 
:es,  m  and  rw',  then  the  same  quantity  of  heat  will  raise  the 
wrature  of  the  unequal  weights  M  and  M'  the  same  number 
jgrees.  Or,  if  we  represent  by  S  and  S'  the  quantities  of  heat 
h  are  required  to  raise  the  temperature  of  one  kilogramme 
ch  of  two  substances  one  degree,  and  by  m  and  m'  the  relative 

hts  of  their  respective  molecules,  then  -  and  —  will  represent 

^  7n         m'  ^ 

relative  number  of  molecules  of  each  substance  in  one  kilo- 
ime ;  and  since  the  quantity  of  heat  required  must  be  pro- 
onal  to  the  number  of  molecules,  we  shall  have 

—  :  — ,  =  S:  S,  or  m  J^  =  m'  a?. 
m    m' 

quantities  S  and  S"  are  called  the  specific  heats  of  the 


430  CHEMICAL  PHTSIGS. 

substances;  and  hence,  according  to  the  theory,  the  producto' 
obtained  by  multiplying  together  the  specific  heats  of  diflFerent 
substances  and  their  molecular  weights  (or  combining  propor- 
tions) should  be  equal.  In  the  case  of  the  chemical  elements 
this  is  very  nearly  true ;  and  it  would  probably  be  found  precisdy 
true  for  all  substances,  could  the  comparison  always  be  made 
under  precisely  the  same  conditions,  and  when  the  substances 
were  in  the  state  of  gas. 

Again,  since  equal  volumes  of  different  gases  always  contain 
the  same  number  of  molecules,  our  theory  would  lead  us  to 
anticipate  that  equal  quantities  of  heat  would  raise  the  tem- 
perature of  the  same  volume  of  any  gas  to  an  equal  extent.  This 
also  we  find  to  be  true  of  the  permanent  gases ;  and  although  m 
the  case  of  the  vapors  the  deviations  from  this  law  are  apparently 
very  great,  yet  such  deviations  are  probably  owing,  in  part  at 
least,  to  the  imperfect  aeriform  condition  of  these  bodies,  and  also 
perhaps  to  the  mechanical  condition  of  the  molecules  themselves, 
of  which  our  theory  has  as  yet  taken  no  account. 

Of  the  various  theories  which  have  been  proposed  to  explain 
the  phenomena  of  heat,  the  one  here  stated  is  the  simplest  and 
the  most  intelligible,  predicting,  as  well  as  could  be  expected,  the 
general  order  of  the  phenomena.  It  must  be  admitted,  howeTer, 
that,  as  here  stated,  this  theory  is  open  to  grave  objections,  and, 
like  all  theories  in  science,  it  should  be  regarded  as  a  provisional 
expedient,  and  not  as  an  established  principle.  That  the  phe- 
nomena of  heat  have  a  purely  mechanical  cause  is  most  probable, 
but  the  mode  or  the  seat  of  the  motion  which  causes  them  is 
wholly  a  matter  of  conjecture.  We  shall  discuss  the  phenomena 
of  heat  in  this  cliaj)ter  as  far  as  is  possible  independently  of  any 
theory,  using  for  the  purpose  the  ordinary  language  of  science. 
It  must  be  remembered,  however,  that  much  of  this  language  is 
based  on  the  old  theory,  now  rapidly  passing  away,  which  re- 
garded heat  as  a  material,  although  an  imponderable  agent.  So 
difficulty,  however,  will  arise,  if  it  is  remembered  that  quan- 
tity of  heat  means  simply  quantity  of  motion,  and  that  all  terms 
relating  to  quantity  are  as  strictly  applicable  to  motion  as  they 
are  to  matter. 

(216.)  The  Action  of  Heat  on  Matter.  —  The  mechanical  effecte 
of  lieat  on  matter  may  be  all  explained  by  assuming  that  heat 
acts  as  a  repulsive  force  between  the  particles,  and  therefore 
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8  the  attractive  force  of  cohesion.  The  first  effect  of  heat 
tier,  in  either  of  its  three  states,  is  to  expand  it.  This 
&  illuatrated  by  a  great  variety  of  familiar  facts  and  experi- 
A  ball  of  metal,  which  exactly  fits  a  ring  when  cold, 
)t  pass  through  it  when  heated.  The  parts  of  a  wheel  are 
together  by  the  contraction  of  the  tire,  which  is  put  on 
hot.  Clocks  go  slower  in  summer  than  in  winter,  because 
ndulum  is  lengthened  by  the  heat. 

erent  substances  expand  unequally  for  the  same  increase  of 
rature.  We  estimate  the  expansion  either  by  measuring  the 
se  of  length  or  the  increase  of  bulk.  The  first  is  called  the 
expansion^  the  second  the  cubic  expansion.  In  the  case  of 
we  generally  measure  solely  the  linear  expansion,  while 
case  of  liquids  and  gases  we  as  generally  measure  solely 
ibic  expansion.  The  one,  however,  can  easily  be  calculated 
;he  odier,  since  the  cubic  expansion  is  about  three  times  as 
as  the  linear  expansion.  The  following  table  will  give 
ea  of  the  amount  of  expansion  in  different  substances, 
ill  show  that  gases  expand  very  much  more  than  liquids, 
quids  very  much  more  than  solids. 

Between  the  Freezing  and  BoiUng  Points  of  Water  : 

of  zinc  increases  in  length   ^^  that  is,  823  c  m.  become  824 
lead         "  "  5^^,      "        351     «  «       352. 

tin  ^  «  s^>      "        516     "  «       517. 

sflver      **  *'  ^Jj,      "        524    "  "       525. 

glass  (crown)  "        y^y,       "      1142     «  **      1143. 

I    increases    in    volume      ^,        that  is,      9  cTin.*    become    10. 

«  «  2V>  ""         23     «  "         24. 

y        «  "  3V>  "         55     "  «         56. 

A  the  permanent  gases  expand  ^,  that  is,  30  ^TTn.'  become  41. 

jre,  however,  we  study  the  phenomena  of  expansion  in 
it  is  important  to  examine  the  various  means  by  which  the 
of  expansion  are  used  as  a  measure  of  temperature. 
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THERMOMETERS. 

(217.)  Mercurial  Thermometer. — It  is  obvious  that  we  mi^ 
use,  as  the  measure  of  temperature,  the  effect  caused  by  heat  in 
expanding  either  solids,  liquids,  or  gases,  and  thermometen 
have  been  constructed  of  each  of  these  three  forms  of  matter. 
The  expansion  of  solids,  however,  is  so  small,  and  that  of  gasei 
so  difficult  to  measure,  that  their  indications  are  not  available  for 
the  ordinary  purposes  for  which  a  thermometer  is  required; 
while  liquids,  on  the  other  hand,  having  an  intermediate  de^ 
of  expansibility,  and  their  changes  of  volume  being  readily  meaft- 
ured,  are  well  suited  for  thermometrical  uses.  Of  the  variou 
liquids  which  might  be  employed,  mercury  is  much  the  best,  not 
only  on  account  of  the  great  range  of  temperature  between  its 
freezing  and  boiling  points,  but  also  because  its  increase  of  vd- 
ume  is  very  nearly  proportional  to  the  increase  of  temperature.     | 

In  order  to  make  a  mercury  thermometer,  a  capillary  glass  tabe 
is  first  selected,  whose  bore  is  of  the  same  calibre  throughout,  so 
that  equal  lengths  of  the  tube  will  contain  equal  volumes  of 
mercury.  The  uniformity  of  the  bore  is  readily  tested  by  intith 
ducing  into  the  tube  a  small  amount  of  mercury,  and  moving 
this  short  column  gradually  from  one  end  to  the  other,  measuring 
its  length  in  each  successive  position.  This  should,  of  course,  be 
the  same  in  every  case  ;  and  if  not,  the  tube  must  be  rejected. 

The  glass  tube  having  been  selected,  and  cut  off  to  the  required 
length,  a  bulb  is  blown  upon  the  end  by  the  usual  method  of 
glass-blowing,  using,  however,  an  india-rubber  bag  instead  of  the  i 
mouth,  in  order  to  avoid  moisture.  The  size  of  the  bulb  is  varied  } 
according  to  the  degree  of  sensibility  required  in  the  instniment;  \ 
but  it  is  always  made  large  in  comparison  with  the  tul>e,  so  that  j 
a  slight  expansion  of  the  enclosed  liquid  will  cause  it  to  fill  a  } 
considerable  length  of  the  bore.  The  form  of  the  bulb  may  he  | 
either  spherical  or  cylindrical.  The  first  is  most  easily  made; 
hut  the  last,  from  exposing  a  greater  surface,  is  more  readily 
affected  by  changes  of  temperature.  To  facilitate  the  int^odtt^ 
tion  of  the  mercury,  a  cup  is  sometimes  cemented  to  the  open 
end  of  the  tube,  although  a  paper  funnel  fastened  with  twine  will 
answer  every  purpose. 

The  tube  thus  prepared  is  now  easily  filled  with  mercury. 
Holding  the  tube  in  a  vertical  position,  we  pour  mercury  into  the 
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mp,  and  heat  the  biilb  with  a  lamp  in  order  to  expel  a  portion  of 
iie  air.  On  removing  the  lamp  the  glass  soon  cools,  and  the 
[nercary  is  forced  in  by  the  pressure  of 
the  atmosphere,  partially  filling  the 
bulb.  We  now  again  apply  the  lamp, 
as  represented  in  Fig.  840,  until  the 
mercury  boils ;  and  continue  the  boil- 
ing for  several  minutes,  in  order  that 
the  mercury  vapor  may  drive  out  all 
<he  air  and  moisture.  The  lamp  is  then 
again  removed,  when  the  mercury, 
pressed  in  by  the  atmosphere,  descends 
and  fills  completely  the  whole  appara- 
tus. The  cup  is  then  emptied  of  the 
.excess  of  mercury,  and  the  tube  just 
below  it  drawn  out  to  a  narrow  neck 

m  the  flame  of  a  blowpipe,  when  the 

eop  may  be  broken  off. 
As  the  tube  is  now  filled  with  mer* 

cnij,  a  greater  or  less  portion  of  it 

must  be  removed,  depending  on  the 

nnge  to  be  given  to  the  instrument. 

This  is  accomplished   by  heating  the 

Wb  to  the  highest  temperature  which 

fte  thermometer  is  expected  to  measure,  when   the   excess  of 

'•ercury  is  expelled  through  the  minute  aperture  left  in  the  neck 

rf  tlie  tube.     The  source  of  heat  is  now  withdrawn ;  and  the 

^ment  the  column  of  mercury  begins  to  descend,  the  flame  of  a 
Wowpipe  directed  against  the  end  of  the  stem  hermetically  seals 
^  tube.     It  remains  then  only  to  graduate  the  instrument. 

(218.)  Graduation  of  the  Thermometer.  —  If  the  bore  is  uni- 
Otm,  it  is  evident  that  the  rise  of  the  mercury  in  the  tube  will 
*^  proportional  to  the  expansion,  so  that  we  have  in  the  ther- 
Klometer  an  instrument  with  which  we  can  measure  any  change 
C  Tolome  of  the  included  liquid ;  and  if  we  assume  that  the 
!Kpansion  is  proportional  to  the  increase  of  temperature,  it  is 
r^ident  that  it  will  also  serve  as  a  very  delicate  measure  of  tem- 
perature. 

Tlie  thermometer  is  always  graduated  by  means'  of  two  fixed 
temperatures,  —  tliose  of  melting  ice  and  of  boiling  water.     The 

87 
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maf  change  ifi^tly  the  boilinpfXHiil 
The  vppnaim  re^vsented  in  Figi 
and  843,  inTented  by  Regnault,  is  i 
rsUy  ad^ited  for  fi^ng  the  boiling^ 
Its  ooDHtmetion  is  suffiowitlf  0* 
frcHn  the  drawing,  and  does  not,  I 
fore,  require  description.  The  steu 
ing  from  the  boiling  water  circulates  in  the  directioa  0 
arrows,  escaping  by  the  tube  D;  and  the  object  <^  tiie  di 
envelope  is  merely  to  prevent  the  steam  from  condensing  ii 
inner  cylinder  A. 
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e  the  temperature  of  boiling  water  and  of  the  steam  escap- 
►m  it  varies  with  the  atmospheric  pressure,  it  is  evidently 
al  to  pay  regard  to  this  circumstauce  in  graduating  the 
»meter.  The  fixed  point  adopted  for  the  graduation  is  the 
ature  at  which  water  boils  under  a  pressure  of  76  c.  m. ; 
the  barometer,  at  the  time  of  graduation,  indicates  a  dif- 
pressure,  it  is  necessary  to  make  a  correction  ac<iordingly. 
)rrection  is  easily  calculated,  since  WoUaston  determined 
le  boiling-point  of  water  increases  one  Centigrade  degree 
ry  increase  of  pressure  measured  by  2.7  c.  m.  of  mercury 
\.  In  determining  the  boiling-point  with  Regnault's  ap- 
s,  it  is  necessary  to  guard  against  any  accidental  variation 
;sure  in  the  interior;  and  for  this  reason,  it  is  furnished 
le  manometeivtube  m. 

two  fixed  points  having  been  marked  on  the  tube,  the 
;e  between  them  is  next  divided  into  equal  parts,  called 
s.  Two  diflerent  scales  are  used  in  this  country.  In  the 
rade  scale,  which  is  the  one  most  generally  used  for  scien- 
irposes,  the  distance  is  divided  into  one  hundred  degrees, 
are  numbered  from  the  freezing-point  of  water.  These 
is  are  continued  of  the  same  size  both  above  100®  and 
)**,  the  last  being  distinguished  by  a  minus  sign;  thus, 
tands  for  ten  degrees  below  zero.  V  the  Fahrenheit  scale, 
is  used  almost  exclusively  in  common  life,  the  distance 
led  into  one  hundred  and  eighty  degrees,  which  are  num- 
rom  a  point  thirty-two  degrees  below  the  freezing-point  of 

so  that  on  this  scale  the  freezing-point  of  water  is  at 
d  the  boiling-point  at  82**  -f  180**  =  212^ 
Fahrenheit  scale  originated  with  an  instrument-maker  of 
3,  from  whom  it  is  named,  and  appears  to  have  been  based 
c  theoretical  views  in  regard  to  the  expansion  of  mercury 
have  long  since  been  forgotten.  It  is  supposed  that  the 
IS  chosen  as  marking  the  greatest  cold  which  had  been 
jd  at  Dantzic,  and  which  Fahrenheit  regarded  as  the  great- 
sible.  We  are  now,  however,  able  to  reduce  the  tempera- 
*  bodies  at  least  one  hundred  and  fifty  degrees  below  the 

Fahrenheit,  so  that  this  zero  is  far  from  marking  the 
t  possible  cold ;  moreover,  since  cold  is  merely  the  absence 
,  and  since  we  cannot  remove  all  the  heat  from  matter, 
.  never  expect  to  reach  the  absolute  zero.     Indeed,  the 
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whole  thermometric  scale  is  to  be  regarded  as  poielf  aiUtmj, 
and  may  be  compared  to  a  chain,  extending  iiidefinitelf  both  ip* 
wards  and  downwards.  We  select  some  pdnt  on  the  diiin,  ul 
begin  to  count  the  degrees  from  that.  We  fix  the  length  of  our 
degrees  by  selecting  a  second  point,  at  a  conTenieut  distniM 
above  the  first,  and  dividing  tlie  intervening  length  into  an  aitt> 
trary  number  of  equal  parts.  Thus  all  is  artntrarj ;  and  thin 
is  no  peculiar  virtue  in  the  two  points  which  have  been  diosai, 
other  than  tliat  they  can  be  easily  determined  with  accoracy,  tnl 
include  between  them  the  range  of  temperature  with  which  we 
are  usually  most  concerned. 

The  Centigrade  scale  has  been  adopted  in  this  work,  not  011I7 
because  it  has  a  decimal  subdivision,  but  also  because  it  is  the  one 
most  generally  adopted  in  the  scientific  works  both  of  this  ooui^ 
try  and  of  Europe.  At  the  end  of  the  book  there  will  be  fimnd 
a  table  by  which  the  degrees  of  the  Centigrade  scale  may  be  con- 
verted into  those  of  the  Fahrenheit.  This  reduction  can  easily 
be  made  mentally,  since  100*  C.  «  180*  P.,  or  6*  C.  =  ^F.; 
hence  F.*  =  f  C*  +  82.  The  82  is  added,  because  the  zero  of 
Fahrenheit  is  32  Fahrenheit  degrees  below  the  zero  of  the  Centi- 
grade. An  easy  rule  for  mental  calculation  is.  Double  the  mmkr 
of  Centigrade  degrees^  subtract  one  tenth  of  the  whole,  and  add 
ihirty-tioo.  When  thA^entigrade  degrees  are  below  zero,  Uicy 
are  marked  with  a  minus  sign  ;  and  this  sign  must  be  regarded 
in  using  tbe  al>ove  rule. 

Besides  the  two  just  mentioned,  the  scale  of  Reaumur  is  also 
used  in  some  countries  of  Europe.  On  this  scale  the  distance 
between  the  freezing  and  boiling  points  of  water  is  divided  into 
eighty  equal  parts,  but  tlie  zero  is  the  same  as  on  the  Centigrade. 
It  is,  however,  never  used  in  this  country,  and  is  seldom  referred 
t<)  in  scientific  works. 

In  all  thermometers,  after  the  length  of  a  degree  has  been 
ascertained  by  dividing  the  distance  between  the  freezing  and 
boiling  points  of  water  into  equal  parts,  the  divisions  are  con- 
tinued of  the  same  size  beyond  the  two  fixed  points  on  either 
side.  This  method  of  graduation  occasions  a  defect  in  the 
instrument  which  must  now  be  noticed. 

(:219.)  Defects  of  the  Mercury  Thermometer. —It  wiU  be 
obvious,  from  a  moment's  reflection,  that  we  do  not  observe  in  » 
thormometer-tube  tlie  absolute  expansion  of  mercury,  but  only 
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the  relative  expansion  as  compared  with  that  of  the  glass  bulb. 
Did  the  glass  expand  as  much  as  the  mercury,  the  column  of 
liquid  would  evidently  remain  stationary  at  all  temperatures. 
If  it  expanded  more  than  the  mercury,  an  increase  of  tempera- 
ture would  cause  the  column  to  fall.  In  fact,  the  expansion  of 
mercury  is  seven  times  greater  than  that  of  glass ;  so  that  its 
a^^Murent  expansion,  when  enclosed  in  a  glass  vessel,  is  about  one 
seventh  less  than  the  absolute  expansion.  The  rise  of  the  column 
of  mercury  in  a  thermometer-tube  is,  then,  a  mixed  effect  of  the 
expansion  of  the  enclosed  mercury  and  of  the  glass  envelope. 

It  is  further  evident,  that  the  whole  value  of  the  thermometer, 
u  a  measure  of  temperature,  rests  upon  the  assumption  that  the 
expansion  of  a  given  quantity  of  mercury  is  exactly  proportional 
to  tlie  amount  of  heat  which  enters  it.     If,  for  example,  a  given 
tmoimt  of  heat,  entering  the  mercury  of  a  thermometer,  causes 
it  to  expand  0.001  of  its  volume,  and  consequently  to  rise  in 
tte  stem  one  centimetre,  it  is  assumed  that  twice,  three  times, 
etc.  as  much  heat  will  cause  it  to  expand  0.002,  0.003,  etc.  of 
its  volume,  and  to  rise  in  the  stem  2,  3,  etc.  centimetres.     This 
Hssumption  is  not,  however,  absolutely  correct,  for  the  rate  of 
expansion  of  mercury  gradually  increases  with   the   tempera- 
ture; so  that,  in  the  example  just  cited,  twice  as  much  heat  will 
cause  tlie  mercury  to  expand  a  little  more  than  0.002,  and  three 
tinaes  as  much  heat  a  little  more  than  0.003  of  its  original  vol- 
ume.    Or,  to   take   another  illustration,  let  us  suppose  that  a 
Certain  amount  of  heat,  entering  the  mercury  of  a  thermometer, 
causes  the  column  to  rise  in  the  stem  one  centimetre,  which  we 
may  suppose,  in  a  given  case,  to  be  the  length  of  one  Centigrade 
degree ;  and  let  us  also  suppose  that  exactly  equal  amounts  of 
heat  enter  the  same  thermometer  during  successive  intei'vals  of 
time.     If  the  rate  of  expansion  of  mercury  were  uniform,  each 
addition  of  heat  would  cause  the  mercury  to  rise  exactly  one 
eentimetre ;  so  that,  if  the  stem  were  divided  into  centimetres, 
each  of  these  would  indicate  the  same  accession  of  heat.     As  it 
is,  however,  the  addition  of  the  second  quantity  of  heat  causes 
the  mercury  to  rise  a  little  more  than  a  centimetre,  the  addition 
of  the  third  quantity  causes  a  rise  still  greater  than  before,  and 
•0  on.     Hence,  in  order  that  the  degrees  of  the  thermometer 
may  indicate  equal   accessions  of  heat,  they  should  slowly  in- 
erease  in  length  from  zero  up.     In  the  case  of  mercury,  the  rate 
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of  expansion  dungot  ao  alowlftthatthein 
in  the  length  of  tbe  dflgrees  mnild  not  b 
ceptible  to  tbe  eye  trithin  the  uaoal  nmge 
scale ;  but  if  the  thenDOBoeter  is  fillec 
water,  whose  rate  of  ezpaniKKi  increaBo 
rapidlf ,  the  effect  becomes  veiy  oTidoat. 
water  thermometer,  represented  in  Fig.  J 
80  graduated  that  each  division  on  the 
correBponds  to  an  equal  amount  of  heat ; 
will  be  noticed  tliat  the  degrees  near  the 
Die  scale  are  several  times  longer  titan 
near  tlio  zero  point.  This,  then,  ia  an  ex; 
atod  representation  of  the  way  in  which  i 
cury  tliermometer  should  be  graduated,  in 
to  be  perfectly  accurate ;  the  length  of  tl 
grees  should  slowly  increase  from  the  zero 
tip.  In  practice,  however,  as  has  been  desc 
tlicy  are  made  of  the  same  length.  The 
tlius  caused,  is  not  important  between  th 
fixod  points;  since,  by  dividing  tho  give 
taiico  into  equal  parts,  we  obtain  a  mean  I 
for  Jlie  degree,  which,  although  too  loiig  f 
degrees  near  the  {reczing-point,  and  too 
for  the  degrees  near  tho  boiling-poiut,  is 
for  tho  intermediate  degrees,  and  very  i 
con-ect  for  all.  Btit  above  the  boiling-poii 
saiuG  ia  not  the  case  ;  for  while  tlie  d> 
marked  on  tho  scale  have  the  same  lenj 
those  below,  the  truo  length  of  the  deg 
constantly  increasing,  until  the  differem 
comes  very  considerable.  Hence  a  tlicrmo 
al>ove  the  boiling-point  always  indicates  to" 
n  temperaturo  ;  and,  for  the  same  reason, 
tlic  freezing-point  indicates  too  low  a  tcmpct 
The  valne  of  the  mercury  thormometei 
accurate  instrument  would  not  be  materia 
paired  by  the  facta  stated  above,  since  it 
always  be  possible  to  es.timale  the  amo 
deviation  in  any  case,  and  apply  the  con 
to  the  observed  results.    Unfortunately,  ho 
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B  indications  are  also  ailected  by  the  unequal  expansion  of  the 
lass  envelope.  It  so  happens  that  the  rate  of  expansion  of  glass 
icreases  quite  as  rapidly  as  that  of  mercury  ;  so  that  the  ern»: 
iduced  by  the  increased  rate  of  expansion  of  mercury  is  in  part 
^rrected,  indeed  sometimes  over-corrected^  by  the  increasing 
ipacity  of  the  glass  bulb.  Unfortunately,  the  rate  of  expansion 
iffers  very  considerably  in  different  kinds  of  glass,  and  even  in 
yd  same  glass  under  different  circumstances  ;  so  much  so,  that 
iro  thermometers,  even  when  constructed  with  the  greatest  care, 
ddom  agree  for  temperatures  very  much  above  or  below  the 
ixed  points.  It  is  thus  evident,  that,  while  the  expansion  of 
he  glass  tends  to  correct  the  error  which  would  be  caused  by 
lie  unequal  expansion  of  mercury,  it  nevertheless  renders  the 
Adications  of  the  thermometer  uncertain  to  a  slight  extent,  and 
mfficiently  to  deprive  the  instrument  of  that  accuracy  which  is 
lesirable  in  a  scientific  investigation. 

The  facts  stated  in  tliis  section  are  illustrated  by  the  following 
aUe,  from  the  well-known  memoir  of  Regnault  *  on  tliis  subject. 

Comparison  of  Different  Thermometers, 


UrTbrnnooietar. 
TraeTemper»- 

Thermoorater 
witboul  OlM6. 

Thermometer, 
Flint-glau. 

Thermometer, 
CrowB-gkM. 

Coefficient  of  Expan* 
ak>n  of  Mercu]^. 

o 
0 

o 
0 

o 
0 

0 

0 

0.000  1790 

50.00 

49.65 

50.20 

0.000  1815 

100.00 

100.00 

100.00 

100.00 

0.000  1830 

120.00 

120.38 

120.12 

119.95 

0.000  1850 

140.00 

140.78 

140.29 

139.85 

0.000  1861 

160.00 

161.33 

160.52 

159.74 

0.000  1871 

180.00 

182.00 

180.80 

179.63 

0.000  1881 

200.00 

202.78 

201.25 

199.70 

0.000  1891 

220.00 

223.67 

221.82 

219.80 

0.000  1901 

240.00 

244.67 

242.55 

239.90 

0  000  1911 

246.30 

246.30 

260.00 

265.78 

263.44 

260.20 

0.000  1921 

280.00 

287.00 

284.48 

280.52 

0.000  1931 

800.00 

308.34 

305.72 

301.03 

0.000  1941 

1       820.00 

329.79 

327.25 

321.80 

0.000  1951 

■      840.00 

351. .34 

349.30 

343.00 

0.000  1962 

Column  1  gives  the  temperatures  of  the  air  thermometer  taken 
I  the  standard,  which  may  be  regarded  as  very  close  approxima- 


•  Memoires  de  I'lnstitut,  Tom.  XXI.  pp.  239,  328. 
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tioiu  to  the  trao  temporatani.  Oolumn  2  gtves  die  txmwfenSag 
temperatores  which  would  be  indicated  hy  a  o^rciuy 
ter,  gimduated  in  &e  omul  ws^,  if  the  glass  did  uotj 
showing  tiie  error  which  wouhl  bs  caused  hy  iho 
expansion  of  Uie  meroiuy  alone.  Cohuuu  3  gircit ' 
ing  tempentores  indicated  by  a  mercury  tlicrraomelar 
flint-glass  (cristal  de  Cboissj^e-Roi) ,  gbowing  Utnt 
in  part  corrected  hy  the  uneqaal  expansion  of  tite 
Goinnin  4  giros  the  conespondiiig  Usmporaturos  ini 
thermometer  of  crowi>^MH  (verrn  ordinaire  da  Pnria), 
that  the  indicatious  of  thermometers  made  with  difTcrant 
(tf  glass  do  not  Qeoessarily  aooord.  Finally,  column  •'),  ^ving 
coefficients  of  expansion  of  merciir.r  at  each  tcmpGrattiru  (250), 
is  added,  in  order  to  show  how  rapidly  the  rate  of  ezpansicHi  in- 
creases with  the  temperataie. 

It  will  be  noticed  that  Uie  thermometers  agree  perfectly  at  Iba 
two  fixed  points  to  wliich  they  are  graduated.  Moreover,  W 
twoen  these  two  points  the  diffiiences  are  comparatively  smal^ 
since  from  the  very  method  of  graduadon  tlie  errors  are  distaib- 
uted  ;  but  above  100*  the  difienoces  between  the  indications  of 
the  mercury  thermometers  and  the  true  temperatures  are  contiB- 
itally  increasing.  Tlie  variatious  from  the  true  temperature  in 
the  case  of  tlie  tlieoretical  thermometer  without  glass  are  very 
largo.  In  the  flint-glass  thermometer  the  differences  are  lets, 
becaase  the  varying  rate  of  expansion  of  merciu-y  is  partially 
corrected  by  that  of  the  gloss.  In  the  case  of  the  crowiv^an 
thermometer,  there  is  a  singular  anomaly.  This,  on  acconot  of 
the  remarkable  law  of  expansion  which  crown^Iaas  obeys,  keep* 
nearly  in  accord  with  the  air  thermometer  up  to  2i6*,30,  tt 
which  point  it  coincides  wiUi  it ;  but  above  this  point,  at  irtiid 
they  sc[kanite,  the  dififorences  between  the  two  rapidly  incressft 
It  will  also  be  noticed,  that  the  differences  between  Ihe  temper 
atures  indicated  by  the  thermometers  of  flint  and  crown  ^iM 
are  quite  lai^  ;  and  it  in  evident  that  the  last  are  greatly  to  in 
preferred  in  all  scientific  investigations.  Smelter  difiereoM 
have  been  observed  between  thermometers  made  of  varieties  <i 
crown-glass  ;  but  they  are  not  of  practical  importance  wbei 
neither  of  the  varieties  contains  lead. 

The  facts  just  stated  will  be  rendered  clearer  by  Fig.  Hit 
which  is  a  geometrical  construction  of  the  results  given  in  tfal 


ilile  on  page  489.    Tlie  figures  on  tlie  .horizontal  line,  or  axis  of 
stand  for  the  temperatures  of  an  air  thermometer ; 
e  ou  the  vertical  line,  or  axis  of  ordinstes,  for  the  differences 


Mween  the  indications  of  this  tlicrmometcr  and  «f  different 
nercary  thermometers.  The  curve  On  am  shows  the  varia- 
b»9  from  the  true  temperature  of  the  theoretical  thermometer 
vilhout  glass ;  and  the  curves  OnaCy  Onav,  Onas,  Onao, 
the  variations  of  thermometers  made  with  flint-glass  of  Choissy- 
le>Boi,  green  glass,  Swedish  glass,  and  "  vcrro  ordinaire  do 
Firifl,"  respectively.  The  anomaly  in  the  case  of  the  thermom- 
Mer  made  with  the  common  Paris  glass  is  hcautifully  illustrated 
^tbe  last  curve. 

(220.)  Change  of  the  Zero  Point.  —  Mercury  thermometers, 
Wen  when  constructed  with  the  greatest  care,  arc  liable  to  error 
film  another  cause,  which  cannot  bo  su  easily  explained  as  the 
loe  just  considered.  The  zero-point  of  the  tliermometer  fre- 
l&ently  rises  on  the  scale,  tiie  displacement  amounting  at  times 
*en  to  two  degrees.  By  this  is  meant,  that  wlien  tlie  tlicrmom- 
ter  is  surrounded  by  melting  ice,  as  in  Fig.  341,  the  mercury 
ill  not  sink  to  the  original  zero,  but  only  to  a  point  possibly 
POD  two  degrees  above  it.  According  to  Dcspretz,  tliis  change 
ny  coutinnc  for  an  indelinite  period  ;  and  it  is  tliercforc  impor- 
Uit  to  verify  the  position  of  the  zero-point  of  a  tliermometer 
afore  using  it  in  an  observation  where  great  accuracy  is  required. 
r  the  point  has  been  displaced,  the  aniomit  of  the  displacement 
■nst  be  subtracted  from  the  observed  temperatures. 

Besides  this  slow  rising  of  the  zero-point,  sudden  variations  in 
ts  position  liave  been  noticed  after  the  tliermometer  has  been  ex- 
nnd  to  a  higher  temperature.  These  variations  are  sometimes 
lenoaoent,  and  at  other  times  merely  transient,  tlie  zero-point 
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Ihennoiiieter  are  liabb 

alvmjs  be  giuxded  against;  and 
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of  error  in  the 

from  the  TeiyDS- 

URpanbfy  eoanectod  eveaYith 

vith  all  the  refine- 
are  liable  to 

«froc^  oc'  coozfcnaetioa  of  a  fiur  giealer  magnitude^    It  is  evident, 

from  she  Aeocj  of  ifae  instnimaity  that  qdIbbb  the  bore  of  the 

tube  hds  che  :«ame  cafibie  tlirnithniit,  equal  ineranents  in  tiM 

T^usie  oc  che  menrorr  viH  not  cmoaa  an  equal  rim  of  the  colanm 

in  al!  ^  pcirt» :  aod  the  iii£mtioiis  of  Ae  instrument,  graduated 

in  ihe  usual  var.  viQ  be  men  or  leas  errcmeous.    Now  it  if 

seldocn.  and  pcobablr  nerer,  ifae  ease,  that  a  the^momete^tube 

has  an  al^otutelr  uxufbnn  bore.    Hence,  in  making  a  staiidd 

ittscramest.  it  i$  essential  that  the  tube  should  be  caSbraki 

thn>i:rfh>ii:,  azid  ;he  sire  of  the  degrees  proportioned  to  the  varj' 

ing  •iiAine:er  oc"  ch^  tube.     This  is  done  bj  introducing  a  short 

column  of  niervurr  iuto  the  tube«  gradually  moving  it  from  one 

end  to  tL?»  o::>?r  hr  means  of  a  small  elastic  bag  tied  to  the  open 

m<3u:h«  and  d;v:dL:ig  the  tube  into  lengths  equal  to  the  lengths rf 

the  m•?^v;.rT-^^.^^aa:^.     This  length  is  taken  so  short  tliat  tto 

tiianioror  of  li.e  luiv  may  lie  assumed^  without  appreciable  error, 

nor  t.>  varr  thnxi^^out  the  short  distance;  and  when  the  tube  is 

gradudied,  each  of  u;ese  l^ugdis  is  divided  into  the  same  numte 

of  e»:iual  Kins. 

R:-z:iaii:;,  w:>^^  hi<  rory  s;7>?atly  improved  the  methods  of  gni- 
uatiiiiT  sia-.LnA  ihormomeiers,  uses  for  the  purpose  a  dividing 
engine,  <::n:Lir  lo  the  one  represented  in  Fig.  346,  which  is  coa- 
stru-rod  by  M.  Dubo^\i,  <*f  P*"^.  It  consists  of  the  iron  frama 
A  Q.  ia  wluoh  is  mounted  the  long  steel  screw  IL  This  5Cfe# 
is  oontiued  at  its  two  ends  by  brass  collars,  in  which  it  toitf 
freely.  On  the  top  of  tin?  iron  frame  moves  the  carriage  J?,  to 
which  the  tulv  to  Iv  dividotl  is  fastened.  Motion  is  comranni- 
cated  to  this  carriage  l«y  the  screw  U,  which  plays  through  a 
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et  fkBtened  to  flie  tinder  side,  and  therefore  invinble  in  the 
OQg-  B;  turning  the  screw,  the  cani^^e  b,  and  the  tube 
ued  up(Mi  it,  axe  moved  forward  under  the  graver,  a,  which 


nc.ats. 


ittached  to  a  very  ingenious  apparatus  for  regulating  the 
gths  of  the  division-lines,  making  every  fifth  and  tentli  line 
^rthan  the  rest.  Tliis  dividing  apparatus  is  sui^xtrted  on 
upright  piece  of  iron,  P,  which  is  itself  firmly  fastened  to  Uio 
□e  of  the  engine. 

he  whole  value  of  tlie  apparatus  depends  on  the  long  screw, 
ch  is  made  witli.  great  care,  and  its  threads  tio  adjiisted  that 

revolution  moves  forward  tlie  carriiige  exactly  one  miili- 
rc.  Motion  is  communicated  to  the  screw  by  the  liandlo  M, 
ig  through  the  cogs  m  and  n  on  tlie  broad  wheel  opr,  and 
,  in  its  torn,  on  a  ratchet-wheel  fastened  to  tlio  liead  of  the 
«r,  and  moving  within  the  first.  Tlie  wheel  opr  can  revolve 
>ne  direction  independently  of  the  ratchet-wheel  and  the 
w;  but  when  turned  in  the  opposite  direction,  a  small  detent, 
»ied  to  the  inner  surface  of  its  rim,  catches  in  the  teeth,  and 
es  the  ratchet-wheel  and  screw  with  it.  The  riui  of  the 
el  opr  is  divided  on  both  sides  into  degrees,  and  by  means 

set  of  stops  its  motiou  can  be  limited  to  any  uumber  of  rev- 
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ohitions,  or  to  anv  fractiou  of  a  revolution.  Let  us  suppose  that 
the  stops  arc  so  adjusted  that  the  wheel  opr  can  turn  throogk 
two  revolutions  and  ^^.  Starting,  then,  from  the  first  stop,  and 
turning  the  handle  M  until  the  motion  is  arrested  by  the  second 
stop,  the  screw  J^  will  be  revolved  twice  and  ^^j.  Consequently, 
the  carriage  B  will  be  moved  forward  2.54  millimetres.  On 
now  turning  the  handle  J/  in  the  opposite  direction,  the  vhed 
op  r  will  be  turned  back  to  its  first  position,  without  moving  the 
screw,  and  tlien,  on  reversing  the  motion,  the  carriage  will  be 
moved  forward  2.54  m.  m.,  as  Ijefore,  and  so  on  indefinitely.  If 
at  each  advance  we  make  a  mark  with  the  graver,  a,  it  is  evident  ' 
that  our  tube  will  l>e  divided  into  lengths  of  2.54  m.  m.,  orinto 
any  other  lengths  for  which  we  may  choose  to  adjust  the  stops. 

This  engine  may  also  l>e  used  for  measuring  the  length  of  di- 
visions already  made ;  only  for  this  purpose  a  small  microscope^ 
furnished  with  cross-wires,  should  be  attached  to  the  upright,  Ji 
at  the  side  of  the  graver.     The  microscope  having  been  adjusted 
so  that  the  cross-wire  is  just  over  tlie  first  mark  on  the  tube,  airf 
the  stops  which  limit  the  motion  of  the  wheel  op  r  having  bea 
riMuovod,  tlie  handle  M  is  turned  until  the  cross-wire  is  exactif 
over  the  i^\H>nd  mark,  the  observer  carefully  noting  the  number 
of  iwoluiions  and  fraction  of  a  revolution  required,  by  mcansof 
an  iiul-.^x  pn>vidod  for  the  purpose.     Let  us  suppose  10.75  revo- 
huunis  aiv  n.\juired  ;  then,  evidently,  the  length  of  the  division 
is  10. To  millimetres. 

In  usiniT  the  diWdiiiir  encrine  for  calibrating  a  thermometer,  tie 
tulv  i!i  adiustovl  on  the  carriage  B  so  that  its  axis  shall  l>e  pe^ 
fivtly  ^vu-.iilol  to  the  axis  of  the  long  screw  H.  A  short  coluD* 
of  mo:vury  having  Uvn  p^eviou^ly  introduced  into  one  end,  tie 
loui:i!\  v^f  liiis  o^>lumn  is  earefuUv  measured  as  lust  de?cribw» 
aiivi  :ho  iv^siiiou  of  its  two  extivmities  marked  with  a  fine  hair- 
iv^Uv  il  v^.i  ;ho  tulv.  Avljusting  the  cross-wire  of  the  microscope 
u»  luo  hoad  of  tho  morvnirv-column,  this  is  next  pushed  forw«* 
in  \\w  tu:v  il.:>.u.:!i  exactly  its  own  length.  The  length  » 
iU  u:i  uivMsur\i,  aud  the  position  of  the  head  of  the  meK^ 
vvlinu:i  havi:.;:  ivvn  marked  as  before,  the  same  process  is  ^ 
iv.uod  until  t!io  tulv  is  divided  into  lengths  of  equal  capacitTi 
'^»^d  (hoir  value  known.  Rich  of  these  lengths  is  next  to  he 
d»^ivi-.i  into  the  scuno  numlvr  of  equal  parts,  and  any  convenient 
'uuulvr  is  soKvuHi,  which  shall  give  to  the  degrees  as  nearly «  | 
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ble  the  size  required.  In  order  to  illustrate  the  method,  let 
ippose  tliat  the  lengths  between  the  pencil-marks  are  respect- 
as  follows :  — 

45  in.  TiLj     18.39  m.m.,     18.3^  m.  m.,     18.24  m.  m.,     18.15  m.  m., 

that  it  is  decided  to  divide  each  lengtli  into  thirty  degrees, 
lengths  of  the  degrees  in  the  different  divisions  will  then  be, 
ictiyely, 

15m.m.,     0.613  m.m.,     O.Gll  m.m.,     O.C08m.m.,     0.605  m.m- 

calculation  having  been  made,  the  tube  is  covered  with  a 
ish  such  as  is  used  in  etching,  and  the  stops  on  the  wheel 
(Fig.  846)  so  adjusted  as  to  limit  its  motion  to  0.615  of  one 
lution.  The  point  of  the  graver  is  also  adjusted  to  the  first 
il-mark,  and  a  cut  made  through  the  varnish,  exposing  the 
t.  The  handle  M  is  now  turned  until  its  motion  is  arrested 
le  stop,  and  another  cut  made.  The  motion  of  the  handle 
ng  been  reversed,  the  same  process  is  repeated  thirty  times, 
a  the  point  of  the  graver  will  have  reached  the  second  pencil- 
k,  and  thirty  degrees,  each  0.615  m.  m.  in  length,  are  marked 
he  tube.  The  adjustment  of  the  stop  must  now  be  changed, 
IS  to  limit  the  motion  of  the  wheel  to  0.613  of  a  revolution, 
thirty  more  divisions  made ;  and  so  on  until  the  graduation 
ompleted,  when  the  tube  is  removed  from  the  engine,  and  the 
ires  which  serve  to  number  the  divisions  are  marked  in  with 
hand.  It  only  remains,  now,  to  expose  the  tube  to  the  vapor 
Buohydric  acid,  which  corrodes  the  glass  wherever  the  graver 
exposed  its  surface,  and  subsequently  to  verify  the  work  by 

• 

"ng  another  column  of  mercury  through  the  tube.  This 
M  cover  the  same  number  of  divisions  in  any  position,  and 
do  so  if  the  graduation  has  been  carefully  performed, 
ne  stem  of  the  thermometer  thus  adjusted,  a  bulb  is  blown 
*  the  end,  or,  what  is  better,  a  cylindrical  reservoir  previously 
^led  is  cemented  to  it  with  a  blowpipe.  The  capacity  of  this 
^oir  must  be  proportional  to  the  size  of  the  tube,  and  to  the 
)S  of  temperature  which  the  tliermometer  is  intended  to 
^  Let  us  suppose  that  it  is  required  that  N  divisions  of 
Qiermometer  should  correspond  to  100**  C,  and  we  wish  to 
f  what  must  be  the  size  of  the  reservoir  for  a  given  graduated 
We  first  weigh  the  tube,  both  when  empty  and  when  con- 

88 
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taining  a  column  of  mercury  vhich  covers  an  observed  nnmbcrof 
divisions.     This  gives  ns  the  weight  of  mercury,  ir,  occupying  t 

divisions  of  the  tube.     From  this  we  obtain  N — ,  the  weigUdt 

mercury  which  will  fill  N  divisions,  and  by  [56]  N    ,(-aj\i 

the  corresponding  volume.  But  tliis  volume  represents  the  «• 
pansion  wliich  the  mercury  in  the  reservoir  of  our  proposed  thw- 
mometcr  must  undergo  when  heated  from  0®  to  100*.  Nowte 
know  that  the  apparent  expansion  of  mercury,  under  these  ot- 
cumstances,  is  ^"^  of  its  volume  at  (f.  Representing,  then,  by  7 
the  unknown  volume  of  the  reservoir,  we  shall  have 

Oo  n{Sp,Gr,)^  n{Sp.Gr.)       *-      ^ 

If  the  reservoir  is  spherical,  F=:  J  tt  -D',  from  which  we  cin 
calculate  the  required  diameter ;  and  if  it  is  cylindricil, 
F=  {  TT  D*  A,  from  which  we  can  approximatively  determiiw 
the  required  length,  A,  when  the  diameter  is  known. 

The  tube  and  bulb  are  now  filled  with  perfectly  pure  mercuir, 
and  tlie  fixed  points  marked  upon  it  in  the  usual  way,  when  the 
thermometer  is  finished  and  ready  for  use.  The  divisions  marked 
u|H>n  a  thermometer  so  constructed  are  not,  of  course,  degrees  of 
either  of  the  three  scales  mentioned  in  (218)  ;  but  it  is  alwaj! 
easy  to  calculate  from  the  indications  of  this  arbitrary  scale  the 
oom*s|H)nding  degrees  of  the  Centigrade  scale.  We  ascertain,  bf 
oUsorvation,  the  number  of  divisions  on  the  thermometer  between 
ilio  tViHv.ing  and  boiling  points,  which  we  may  represent  by  if, 
and  al>o  the  numln^r  of  the  divisions  on  the  arbitrary  scale  corre- 
NjHUulinsr  to  the  freezing-point  (the  zero  of  the  Centigrade  scale). 
K^^pivsont  this  number  by  n,  the  degrees  of  the  Centigrade  scale 
I\   ('•'.  and  those  of  the  arbitrary  scale  by  A"".     We  have,  then, 

.V       UX^  C,  and  C''  =  -jt-  (A''  —  w).     Suppose,   for  example, 

I  hat  thoiv  an^  J>r>4  divisions  on  the  arbitrary  scale  between  the 
i\\od  |Hnnts,  and  that  the  freezing-point  is  at  the  132d  divisioa 
iVxMu  tho  U^ttom  of  the  scale;  and  let  it  be  required  to  detennii* 
lo  what  tiMU|H^n\ture  the  230th  division  corresponds  in  Ceoti- 
kM-ado  docrivs.  We  shall  have,  C*  =  J?J  (230  — 132)  =  27.68. 
U  i^  usual  to  pn^jvare  a  t4ible  for  each  thermometer  thus  con- 
MruotiHi,  vriving  the  temperature  in  Centigrade  degrees  corre- 
s|H>ndin^  to  every  division  of  the  tube. 
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scale  of  a  standard  thermometer  slionld  always  bo  en- 
on  the  glass  stem,  as  in  Fig.  S47  ;  since,-  if  it  is  engraved 
(trip  of  metal  or  vrorj  fastened  to  the 
he  expansion  of  the  scale  introduces  new 
(  of  error  into  the  instrument.  It  is  also 
kl  for  a  good  standard,  that  it  should  in- 
the  boiling  and  fi*eezing  points  upon  it» 

Where  a  largo  range  is  required,  the 
length  which  this  involves  may  bo  best 
i  by  making  several  thermometers  with 
jous  scales,  and  enlarging  the  tube  of  each 
nent  at  those  parts  which  are  covered  by 
lies  of  the  other  thermometers  of  tlie  set. 
mometer  so  constructed  is  represented  in 
8,. although  the  enlargement  is  very  greatly 
irated.  It  is  possible  in  this  way  to  di- 
ach  Centigrade  degree  into  twenty  parts, 
t  include  both  of  the  fixed  points  on  the 

length  of  the  degrees  of  a  thermometer, 
mce  its  sensibility  to  small  differences  of 
•ature,  depends  upon  the  size  of  the  reser- 

compared  with  that  of  the  tube,  and  can 
ireased  by  the  maker  at  pleasure.  No 
age,  however,  is  gained  by  increasing  the 

of  the  degrees  on  the  stem  beyond  a  lim- 
ctent ;  since,  on  account  of  the  imperfec- 
►f  the  instruments  noticed  in  the  last  section,  it  is  useless 
divide  the  Centigrade  degree  into  more  than  twenty  parts, 
ily  the  most  carefully  constructed  standards  will  bear  as 
I  subdivision  as  this.  Even  when  the  scale  is  graduated  to 
3ths,  it  is  possible  for  a  practised  eye  to  estimate  the  hun- 

of  a  Centigrade  degree. 

evident  that  the  smaller  the  absolute  size  of  the  bulb,  the 
rapidly  a  thermometer  will  be  affected  by  changes  of  tem- 
re ;  and  hence  it  is  always  best  to  make  the  bulb  as  small 
mmstances  will  permit,  and  also  to  give  to  it  a  long  cylin- 
shape,  which,  for  the  same  volume,  exposes  a  much  greater 
s  for  the  entrance  of  heat  than  a  sphere. 

size  of  the  column  of  mercury  in  the  stem  of  a  thermom- 


Fig.  847.        Fig.  S48. 
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cter  is  so  small,  as  compared  with  that  of  the  stem  itself,  that  it 
is  essential,  in  order  to  avoid  the  parallax  caused  by  the  fhid- 
ness  of  the  glass,  to  place  the  eye  in  reading  on  a  leyel  widi  Ike 
surface  of  the  column.  The  scale  of  a  delicate  thermometer  ii 
always  best  read  through  the  telescope  of  a  cathetometer  (Kg. 
260),  placed  at  a  sufficient  distance  to  prevent  the  heat  of  tks 
body  from  affecting  the  instrument. 

(222.)  In  using  a  standard  thermometer,  it  is  important  to 
immerse  both  the  bulb  and  the  stem  in  the  medium  whose  tem- 
perature is  to  be  measured ;  for  if  the  stem  of  the  thermometer 
is  exposed  to  a  lower  temperature  than  the  bulb,  the  whole  of  the 
mercury  will  not  be  equally  expanded,  and  the  thermometer  will 
indicate  too  low  a  temperature.  Since  in  testing  the  tempera- 
tun'  of  a  small  quantity  of  liquid  this  complete  immersion  of  the 
thermometer  is  impossible,  it  is  necessary  in  such  cases  to  add  to 
the  observed  temperature  a  small  correction,  which  becomes  leiy 
ini(H)rtant  when  the  temperature  of  the  medium  greatly  exceeds 
that  of  I  he  air. 

hi  oriior  to  illustrate  the  method  of  calculating  the  correction, 
loc  us  suppose  that  the  thermometer  is  used  for  testing  the  tern* 
ivn'icure  of  an  oil-bath  :  and  that,  wlule  the  bulb  and  a  portion 
of  iho  stem  are  immersed,  the  greater  part  of  the  mercury- 
v\^;iiiu::  :s  aln^ve  the  surface  of  the  liquid,  as  represented  in  Rg. 
4iM .  1:  is  now  rt^]uired  to  determine  how  much  higher  the  the^ 
;;io:v.t^:or  would  stand  if  the  whole  column  were  exposed  to  the 
m;v.;*  :o:uivn\:inv  :is  the  bulb.  For  this  purpose,  we  will  repre- 
>^^:::   :l-.o  viirTorr^r.i  ouautities  entering  into  the  calculatious  as 


:hv*  -.ir.kt^owr.  romiy  rature  of  the  bath. 

:S;'  :;.':v:>r;i:::re  iiviioat^?*!  bv  ihe  thermometer. 

:"*:*  :v:A"  :t:v.:>rra:ur^  of  the  menninr  in  the  stem,  ascertained 

m 

\\  \:^\\rvz  i~  ow-.rac:  wiih  it  the  bulb  of  a  small  thermoiW' 
:;r  a:  aV.::  zii-i-bei^:  ot  the  cv^umn. 

*'  •vVrr  ./  ..ir-jrves  wbioh  the  j^>nion  of  the  mercury-cohiam    j 
.s:v^  :■  :>.-;  surivv  «x"  the  bsiih  occupit^  in  the  thermamete^    j 

-  •/"•;   .1  :*■  T-;-.>r  o""  resiperxmnf  between  the  bulb  and  the  stem    » 

A  :•  ;*  -*.-  \  *.*v.t ::v  ►  It.  * 

I:   ->  .^.. :;•..:  :*::x:,  ::'  :ho  Temreratripe  of  the  mercurv  abote    ^ 
::u^  <ur:>ivv  o:*  :I.c  :.*:>.  were  iucr^ased  f*  —  ^i^,  the  tliermometer    ■ 
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iroQld  indicate  the  true  temperature ;  so  that,  to  find  the  cor- 
reetion  required,  we  have  only  to  calculate  how  much  a  column 
of  mercury  measuring  0  degrees  on  the  scale  will  increase  in 
IfiDgth  when  its  temperature  is  raised  f  —  ^i"".  The  apparent 
ecqmnsion  in  glass  of  a  given  volume  of  mercury,  amounting  for 
Bidi  degree  of  temperature  to  7^,  will  amount  for  V"  —  t^  to 

^^^^  of  the  whole.  Hence,  a  quantity  of  mercury  which  fills 
one  degree  of  a  thermometer-tube  will  fill  1  +  ggoQ*  degrees 
oC  the  same  tube  after  its  temperature  has  risen  V  —  tx^  ;  and  in 
fike  manner  a  quantity  of  mercury  wliich  fills  0  degrees  of  a 
ftermometer-tube  will  fill,  after  the  same  rise  of  temperature, 

$-] — ^QQA~  degrees.  In  other  words,  the  column  of  mer- 
eory  above  the  surface  of  the  bath  would  rise  fi^fto  ^  ^®" 
fees,  if  its  temperature  were  raised  to  that  of  the  bath.  This, 
ften,  is  the  correction  required,  and  we  have,  in  any  case, 

Since  the  mean  temperature  of  the  mercury-column  can  never 
bo  accurately  determined,  there  is  always  an  tmcertainty  in  re- 
litrd  to  the  value  of  the  correction  ;  and  it  is  therefore  best,  when 
!incticable,  to  avoid  the  necessity  of  any  by  immersing  the  whole 
Blem  in  the  bath. 

(223.)  A  thermometer  indicates  temperature  by  either  receiv- 
Hg  or  imparting  heat  imtil  its  own  temperature  is  the  same  as 
iliat  of  the  body  tested.  It  is  therefore  evident  that,  unless  the 
temperature  of  the  body  is  maintained  coustant  by  accessions  of 
)eat  from  some  external  source,  a  thermometer  will  give  correct 
iidications  only  when  its  own  mass  bears  a  very  inconsiderable 
proportion  to  that  of  the  body.  This  very  obvious  fact  must  be 
earefully  borne  in  mind  while  using  the  instrument ;  and  when 
Hie  quantity  of  heat  which  the  thermometer  receives  or  imparts 
it  appreciable,  the  change  of  temperature  which  is  thus  caused 
ID  the  body  must  be  calculated,  and  the  observations  corrected 
•eoordingly.  The  student  will  be  able  to  devise  methods  by 
which  the  correction  can  in  any  given  case  be  estimated,  after 
flodying  the  sections  on  Specific  Heat. 

For  further  information  in  regard  to  the  construction  and  use  of 
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Etandard  thermometers,  ve  vould  refer  the  studeDt  to 
ume  of  memoirs  of  Regnanlt  already  noticed,  and  to  a 
J.  I.  Pierre,  published  in  the  Annales  de  Qiinie  et  de  P 
3*  Serie,  Tom.  V.  p.  428. 

(224.)  Bouse  Thermometers.  —  The  scales  of  ordini 
mometers  are  graduated  on  strips  of  wood,  metal,  or  i 
which  the  tube  is  subsequently  attached  (Fi 
Such  thermometers  are  less  fragile  and  moi 
read  than  those  graduated  on  tlie  stem,  an( 
same  time  are  siifBciently  accurate  for  dete 
the  temperature  of  a  bath  or  of  a  room,  and 
meteorolc^cal  observations.  They  are  not,  \ 
usually  graduated  &om  the  tvo  fixed  poinb 
scribed  in  (218),  but  by  comparison  with  a  s 
tliermometer.  For  this  purpose,  the  iustmmt 
graduated  and  the  standard  are  dipped  t<^t 
a  bath  of  water.  Care  being  taken  to  mun 
water  at  tlie  same  temperature  for  some  ti 
number  of  degrees  indicated  by  the  standard 
marked  on  the  stem  of  the  new  instrumeni 
level  of  the  mercury-colymn.  In  the  same 
changing  the  temperature  of  the  bath,  sever 
points  are  determined.  These  are  subse 
transferred  to  the  strip  on  which  the  scale  i 
engraved,  and  the  distance  between  them 
into  the  number  of  degrees  required. 

It  has  been  found  almost  impossible  to  n: 
a  liciuid  bath  at  the  same  temperature  in  all  i 
for  any  length  of  time,  when  this  temperatu 
sidembly  exceeds  that  of  the  air ;  so  that  we 
be  certain  that  two  thermometers,  dipped  i 
bath  side  by  side,  have  been  exposed  to  exa 
same  degree  of  heat.  The  method  of  gnu 
just  described  ought,  therefore,  never  to  be  used  for  au 
ment  of  precision ;  but  it  is  sufficiently  accurate  for  c 
house  thermometers.  These  instruments,  when  well  mai 
be  relied  upon  to  within  a  Fahrenheit  degree  between  1 
fixed  points ;  but  beyond  these  points,  and  especially  be 
freezing-point,  they  are  frequently  very  erroneotis.  Tw 
mometers  hanging  side  by  side,  which  have  been  made  by  t 
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rs  with  their  usual  care,  will  not  unfrequently  differ  several 
es  when  the  temperature  is  below  0**  F.,  —  a  fact  which 
nts  for  the  great  discrepancies  in  the  observations  of  low 
iratures. 

!5.)  Thermometers  filled  with  other  Liquids.  -—  Mercury 
at  360°  C.  and  freezes  at  — 40**,  and  the  range  of  a  mer- 
thermometer  is  necessarily  confined  within  these  limits  of 
irature.  Moreover,  near  its  freezing-point  the  rate  of  ex- 
)n  of  mercury  becomes  very  irregular,  and  its  indications 
t  be  relied  upon  below  — SG**,  or  even  — 35**  C.  Degrees 
aperature  above  360°  are  measured  by  means  of  a  class  of 
iments  called  pyrometers^  which  will  be  described  in  con- 
\n  with  the  laws  of  expansion  of  solids  and  gases  ;  while 
tmperatures  below  — 36°,  we  use  thermometers  filled  with 
>1,  or  other  liquids  which  do  not  freeze  even  at  these  great 
es  of  cold. 

3re  is  no  other  liquid  which  can  be  compared  with  mercury 
fitness  for  filling  theijnometers.  The  great  range  of  tem- 
ire  between  its  freezing  and  boiling  pouits,  the  fact  that  it 
Qot  adhere  to  the  surface  of  glass,  and  that  it  can  readily 
tained  perfectly  pure,  are  all  circumstances  which  pecu- 
adapt  it  to  thermome^ric  purposes.  It  is  true,  as  we  have 
that  the  rate  of  its  expansion  increases  with  the  tempera- 

stdll,  between  the  two  fixed  points  the  change  is  so  slight 
he  indications  of  the  thermometer  are  not  perceptibly  af- 

by  it.  This  is  not  true  of  thermometers  filled  with  any 
liquid.  Such  thermometers,  when  graduated  on  the  same 
pie  as  the  mercury  thermometer,  give  results  which  are 
ly  at  variance  both  with  it  and  with  themselves.  For  ex- 
,  Deluc  obtained  the  following  comparative  results  with 
ometers  filled  with  mercury,  oil,  alcohol,  and  water.  The 
3rs  in  the  same  vertical  column  of  the  table  are  the  tem- 
ires  indicated  by  these  several  thermometers  when  immersed 
same  bath. 
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Similar  results  were  also  obtained  by  M.  Pierre,  in  his  wy 
extended  investigation  of  the  expansion  of  liquids,  during  whidl 
he  conipared  thermometers  containing  twelve  different  Uquidt 
with  the  mercury  thermometer.  As  is  shown  by  tlie  above  Ur 
ble,  he  found  the  water  thermometer  the  most  defective.  The^ 
mometers  filled  with  alcohol  or  with  sulphide  of  carbon  gave 
less  erroneous  results  ;  but  of  all  the  liquids  he  examined,  com- 
mon ether,  chloride  of  ethyle,  and  bromide  of  ethyle,  were  least 
irregular  in  their  rate  of  expansion,  and  are  therefore  best 
adapted,  after  mercury,  for  filling  thermometers, 

Nevertliclcss,   alcohol   thermometers   are  generally  used  for 
measuring  very  low  temperatures.     They  are  graduated  by  com- 
parison with  standard  mercury  thermometers,  in  the  way  described 
in  the  last  section,  taking  care  to  have  a  large  number  of  points 
of  comparison,  which  should  be  as  near  together  as  possible.  But 
even  when  graduated  with  the  greatest  care,  such  thermometeif 
do  not  give  indications  which  accord  with  each  other,  or  with  i 
mercury  thermometer.     Captain  Parry,  in  his  Arctic  voyages,  ok* 
served  differences  of  10**  C.  between  alcohol  thermometers  of  (b 
best  makers;  and  similar  facts  were  noticed  both  hy  Franklin  and; 
by  Kane.     These  discrepancies  unquestionably  originated  in  paii 
from  tlie  impurity  of  tlic  alcoliol,  or  from  other  errors  of  cott- 
struction  ;  but  tliey  are  also,  to  a  certain  degree,  inherent  in  the 
tliermome tor  itself.     An  accurate  instrument  for  measuring  lot 
temperatures  is  still  one  of  the  great  desiderata  of  science. 

(226.)  Maximuvi  and  Minivium  Thermometers.  —  It  is  fre- 
quently desiraljlc  to  have  the  means  of  determining,  without  the 
aid  of  an  observer,  the  highest  or  lowest  temperature  which  has 
occurred  during  the  night,  or  any  other  interval  of  time ;  and 
for  this  purpose  a  great  variety  of  self-registering  thermometer 
have  been  invented.  One  of  the  simplest  is  that  of  Rutherford 
(Fig.  350).  This  consists  of  two  thermometers,  fastened  to  » 
plate  of  wood,  or  some  other  material.  The  tubes  of  the  the^ 
mometers  are  bout  at  riglit  angles  just  above  the  bulbs,  as  rep- 
resented in  tlic  figure,  and  the  instrument  when  in  use  is 
suspended  by  a  cord,  so  that  the  two  stems  shall  be  in  a  horizontal 
position.  The  upper  thermometer  is  filled  with  mercury,  andii 
front  of  the  mercury-column  a  short  piece  of  iron  wire  is  placfil 
in  the  tube  (seen  at  ^4),  which  is  pushed  forward  by  the  mercury 
and  left  at  the  liighest  point  which  the  column  reaches,  thus  indi- 
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tug  the  maximum  temperature.  The  lower  thermometer  is 
sdwith  alcohol,  and  the  tube  contains  a  small  enamel  cylinder 
en  at  £),  surroimded  by  the  liquid.  As  the  alcohol  expands, 
readily  passes  by  the  enamel  cylinder ;  but  when  it  contracts, 


piii|iiii|iiii|iiii|iin|iiii|iiii|iniiiiii|iiii|iiii|iiii|iiii|iiii| 
«•  4«  Q  40  Sf  9«  40 


G^ 


»«i 


4«         SO        2t  It  t  40         10         M 

r.i..l  .■■ilmiliiiiliml.itil...il..i.l..i  tliii.l....  I.iiiiiiii  I  II  llllll 


ng.860. 

cylinder  is  drawn  back  with  the  receding  column,  and  left  at 
lowest  point,  indicating  tlie  minimum  temperature  during  the 
le  period.  After  each  observation,  the  enamel  cylinder  is 
aght  to  the  end  of  tlie  alcohol-column  by  inclining  the  instru- 
it ;  and  in  like  manner  the  iron  wire  is  restored  to  the  end 
he  mercury-column  by  means  of  a  magnet. 
'he  iron  wire  in  the  tube  of  Rutherford's  maximum  thermom- 
'  is  liable  to  become  immersed  in  the  mercury,  if  the  instru- 
it  is  not  carefully  handled ;  and  when  this  accident  occurs,  it 
ery  difficult  to  remedy  the  evil  without  refilling  the  tube, 
rretti  and  Zambra  have  invented  a  maximum  thermometer 
ch  is  not  open  to  the  same  objections.     Between  the  bend  d 


Fig.  861. 


the  bulb  (Fig.  351)  they  insert  into  the  tube  of  the  ther- 
neter  a  small  rod  of  glass,  a  &,  which  nearly  fills  the  bore. 
en  the  mercury  expands,  it  pushes  by  this  obstruction ;  but 
n  it  contracts,  the  column  breaks,  leaving  the  head  of  the 
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Golamn  at  the  highest  point  it  hsd  mttained.    On  tar 

thermometer,  so  that  its  stem  shall  have  a  verlieal  pod 

mercoiy  readilf  passes  back  to  the  bidb,  in  rirtae  of  its 

Walferdin's  maximnm  thermometer  is  represented  in '. 

It  is  made  like  an  ordinary  mercurj  thermometer,  only  t 

part  of  its  stem  is  surrounded  by  a  reservoir  a 

£L        mercury,  which  is  so  arranged  that,  when  the  im 

I A       is  inverted,  the  end  of  its  tube  dips  under  the 

tofw     in  the  reservoir.    No  graduation  on  the  stem 

1^     sary  ;  but  before  the  instrument  is  to  be  used, 

must  be  heated  until  the  mercury  overflows  the  e 

tube.    It  is  then  inverted ;  when,  on  cooling,  the 

rises  from  the  reservoir  by  mechanical  adhesi 

pletely  filling  the  stem.     K  the  thermometer 

replaced  in  position,  its  bulb  and  tube  beiii| 

mercury,  it  is  evident  that,  as  the  temperature  i 

mercury  will  gradually  flow  over  from  the  tube 

reservoir ;  and  when  the  temperature  subsequec 

the  mercury,  contracting,  will  leave  an  empty 

the  top  of  the  tube.     The  highest  temperature 

the  instrument  has  been  exposed  is,  then,  that  ; 

the  mercury  remaining  in  the  bulb  and  stem  , 

them  both  completely ;  and  this  can  be  ascertj 

comparison  with  a  standard  thermometer,  plac 

I  in  a  water-bath,  gradually  heating  it,  and  obser 
temperature  indicated  by  the  standard  wlien  the 
rial  colunm  reaches  the  top  of  the  stem. 
The  same  principle  has  been  applied  by  Walfc 
Fig.  862.  measuring  very  small  differences  of  temperatur 
thermometer  for  this  purpose  may  be  constructei 
cisely  the  same  way,  only  it  is  made  extremely  sensitive 
an  expansion  corresponding  to  four  Centigrade  degree 
raise  the  mercury-column  through  the  whole  length 
stem.  The  stem  is,  moreover,  very  carefully  gradua 
parts  of  equal  capacity,  each  division  corresponding  t( 
small  fraction  of  a  degree.  To  show  how  this  therma 
used,  let  us  suppose  that  we  wish  to  observe  tlie  temper 
which  water  boils  under  diflerent  atmospheric  pressure 
the  whole  possible  variation  is  between  101**  and  98**.  We 
in  the  first  place,  expose  the  instrument  to  a  temperature 


HEAT.  455 

cated  by  a  standard  thermometer,  and  wait  until  the  ex- 
mercury  had  overflowed  into  the  upper  reservoir.     On 
owing  the  temperature  to  fall,  the  mercury-column 
pidly  sink  in  the  tube,  and  at  97**  will  already  have     ^ 
1  into  the  bulb.     The  thermometer  is  now  in  con-     ^A 
to  measure  with  great  accuracy  diflFerences  of  tem- 
re  between  98*  and  101° ;  and  in  like  manner  it 
J  adjusted  to  any  other  range  of  four  degrees.    If, 
unple,  the  division    on  the   stem  correspond  to 
ndths  of  a  Centigrade  degree,  and  we  observe  a 
ice  in  the  boiling-point  of  water  under  two  differ- 
3ssures  equal  to  fifteen  of  these  divisions,  we  con- 
that  the  temperature  is  0.016  of  a  degree  higher 
case  than  in  the  other.     Since  the  quantity  of 
•y  which  forms  the  thermometer  differs  with  the 
of  the  instrument,  it  is  evidently  necessary  to  de- 
e  the  value,  in  fractions  of  a  Centigrade  degree,  of 
its  divisions  after  each  adjustment.     The  form  of 
)ir  represented  in  Fig.  352  is  difiicult  to  make,  and 
s  generally  substituted  for  it  a  simple  enlargement 
upper  end  of  the  tube,  as  represented  in  Fig.  363. 
3ck  of  the  bulb    B   is  strangled  at  (7,  so  that  a 
;ap  given  to  the  tube  while  the  instrument  is  cool- 
ises  tHe  column  to  break  at  that  point,  leaving  the  jjg.  ass. 
of  mercury  in  the  bulb. 


THERMOSCOPES. 

'.)  Air  Thermometers.  —  The  name  thermoscope  (^^^p/jurj^ 
!))  is  a  convenient  designation  for  a  class  of  instruments 
are  used  chiefly  for  detecting  slight  changes  of  temper- 
and  not,  like  the  thermometer  (^ep/iiy,  /Lterpov),  for  de- 
ing  its  value  in  degrees.  In  a  large  number  of  thermo- 
,  these  variations  are  indicated  by  the  change  in  volume 
fined  air,  which  not  only  expands  very  regularly  and  , 
f ,  but  also  to  a  very  much  greater  degree  than  liquids,  for 
me  increase  of  temperature.  Such  instruments  are  fre- 
Y  called  air  thermometers ;  but  they  must  not  be  con- 
d  with  the  air  thermometer  of  Regnault,  which  gives  the 
ccurate  measures  of  temperature  that  we  can  attain. 


<* 


Th^  SET  dnraimiKBGr  ^'Ufjmaai  ioL  Fic-  SSI  is  aaeribedt 

<».  k  'naisffiSB^  4f  a  bslbed  tube,  whose  a 
•:q«il  t>ssri  canTininic  colored  water,  wUd 
aL^o  9ir:2i4li-2iL$&f  tube.  When  the  bulb  i 
hieut*tL  the  biwai  &!b  m  the  tabe,  and  lue 
wiifSL  lae  baQ>  K  cooled.  ThefabeisgeneraD 
£ifc»wti  &>  aa^midii  piece  of  wood,  on  whid 
a  scak  04f  wfol  pans  is  painted.  In  anotfae 
l^jca  of  tike  same  instniment  (Tig.  355),  th 
expanaoa  of  the  air  is  indicated  bj  the  motkx 
of  a  drop  of  cokred  Ikpud  in  the  stemali 
These  instruments  are  evidently  affected  b) 
the  Tarrine  presmre  of  the  atmosphere,  ini 
are  necessarilr  imperfect.- 

The  same  objection  does  not  apply  to  the  di{ 

ferential  therm<Hneter  of  Leslie,  used  by  bia 

in  his  experiments  on  the  radiation  of  belt 

This  consists  (Fig.  356)  of  two  bulbs  cw 

nected  together  by  a  glass  tube  bent  twice  at  right  angles.    Th 

biilhH  c^^ntain  air,  and  the  connecting  tube  is  half  filled  with  col- 

orod  liquid,  which,  when  the  thermometer  is  at  rest,  stands  at  the 
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Fig.  857. 


Hatno  hoight  in  the  two  limbs  of  the  sipnon,  and  remains  ia  thi 
poMitiou  so  long  as  the  two  bulbs  are  equally  heated.  An?  dil 
fon^nci^  in  the  tomporature  of  the  two  bulbs,  however,  is  at  ono 
iiidioatod,  as  roproscnted  in  the  figure,  by  a  diflference  of  level  ii 
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hb  two  liquid  columns,  and  can  be  measured  by  means  of  the 
ttles  painted  on  the  wooden  fi:ame  which  supports  the  tube. 
Rub  is  the  only  thermoscope,  of  its  class,  of  any  scientific  value. 
In  a  limited  number  of  cases  it  furnishes  an  instrument  of  great 
itility  and  delicacy,  and  its  indications  are  comparable  with  each 
itfier. 

Bumford's  differential  thermometer  (Fig.  357)  is  merely  a 
l%ht  variation  of  Leslie's,  the  difference  in  the  temperature  of 
le  two  bulbs  being  indicated  by  the  motion  of  a  drop  of  sul- 
luric  acid  along  the  horizontal  tube,  which  is  made  somewhat 
nger  than  in  Leslie's  instrument,  and  surmounted  by  a  scale  of 
[oal  parts.  There  are  several  other  forms  of  air  thermometers, 
it  they  are  not  of  sufficient  importance  to  require  notice. 
(228.)  ThemuHnulHpHer. — But  of  all  instruments  for  detect- 
g  and  measuring  slight  differences  of  temperature,  by  far  the 
ost  delicate  and  accurate  is  the  thermo-multiplier  of  Nobili  and 
eQoni.  Tho  principle  on  which  this  instrument  is  based  was 
■covered  by  Secbeck,  of  Berlin,  in  1822,  and  may  be  briefly 
ited  thus. 

If  two  metallic  bars,  of  different  crystalline  texture  and  unequal 
inducting  powers,  are  united  at  one  end  by  solder,  and  the  point 
f  junction  heated,  a  current  of  electricity  is  ex- 
iled, which  flows  from  the  point  of  junction  to- 
rards  the  poorer  conductor.  Thus,  if  the  junction 
if  two  bars  of  bismuth  and  antimony  (Fig.  358) 
I  heated,  and  their  free  ends  are  connected  by 
fires,  the  current  flows  from  the  antimony  to  the 
lismuth  at  the  jimction,  and  from  the  bismuth  to 
lie  antimony  on  the  cpnducting-wire  connecting  ng.868. 

lie  free' ends  of  the  bars.  If  cold,  instead  of  heat, 
B  applied  to  the  junction,  a  current  is  also  established,  but  in  the 
ipposite  direction.  Similar  results  can  be  obtained  with  other 
wtals,  which  may  be  arranged  in  a  thermo-electric  series  in  the 
hDowing  order  :  bismuth,  platinum,  lead,  tin,  copper  or  silver, 
inc,  iron,  antimony.  The  most  powerful  combination  is  formed 
if  diose  metals  which  are  most  distant  from  each  other  in  the 
Sit,  and  in  every  case,  when  the  junction  is  heated,  the  current 
Ibwb  through  the  conducting-wire  from  those  which  stand  first 
hfliose  which  stand  last. 

The  most  powerful  current  is  produced,  as  the  above  series 
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shoTs,  hy  UiQ  ooml^atioii  of  bismntli  aod  Katimniy ;  but  a  i 
pair  of  ban,  even  of  tbese  metalB,  produoee  odI;  a  very  feeUi 
effect  The  force  of  Hie  electric  oarrent  oan,  however,  be  nq 
greatly  increased  by  unitiDg  together  aereral  piin  of  thess  t 
as  represented  at  a  b,  IHg.  859,  and  connecting  together  the 
end  of  the  first  biEonuth  bar  with  that  of  the  last  antimony  bir. 
Such  an  arrangement  is  called  a  tk»rwuxltetrie  pile.    Since 


force  of  the  current  is  not  found  to  depend  on  the  size  of  Um  baiii 
they  may  be  made  very  small  ;  in  Uelloni's  thermo-mnltiplier 
thirty  pairs  of  bismuth  and  antimony  barv  are  packed  away  m  thi 
small  brass  case,  c  d,  Fig.  359,  not  more  than  two  or  three  cm 
trcs  long.  The  soldered  ends  of  these  pairs,  called  the  facet  (^ 
the  pile,  are  seen  at  c  and  d;  and  tlie  two  cups,  o,  o',  called  tbt 
poles  of  the  pile,  are  directly  connected  with  the  free  ends  i^  te 
two  terminal  bars.  Finally,  the  faces  of  tlie  pile  are  protected  &m 
any  lateral  action  by  a  brass  cap,  t,  blackened  inside,  and  \aja% 
a  movable  screen,  e,  in  front,  or  by  a  brass  cone  polished  on  id 
interior  surface,  which  serves  to  concentrate  tlie  rays  of  heat. 

When  the  two  faces  of  the  thermoelectric  pile  are  equl^ 
heated,  no  electrical  disturbance  results  ;  but  the  slightest  diftp- 
ence  of  temperature  causes  a  flow  of  electricity  through  the  win 
connecting  the  two  poles.  The  direction  of  the  current  is  dettf- 
mined  by  tlie  relative  positions  of  the  bars,  always  following  dM 
rule  stated  above.  The  force  of  this  current,  although  noi 
greater  than  that  of  the  current  irom  a  single  pair  of  ban,  i> 
still  feeble,  and  can  only  be  detected  by  a  very  delicate  g*h*' 
nometor.    This  instrument  will  be  described  in  detail  hareafitf-, 
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Fig.  861. 


It  is  sujBEicient,  for  the  present,  to  state  that  it  is  an  application 
of  the  remarkable  facts  discovered  by  Oersted  in  1820.    This 
eminent  physicist  observed,  that,  if  a  conducting-wire  through 
▼hich  an  electric  current  is  passing  is  placed  directly  over  and 
parallel  to  a  magnetic  needle 
(Pig.  861),  the  north  pole  of 
the  needle  is  deflected  to  the 
right  or  to  the  left,  according 
to  the  direction  of  the  current. 
If  the  conduoting-wirc  is  placed 
under  the   needle,   it   is  also 
deflected,  but  in  the  opposite 
direction.    Hence,  if  the  cou- 
ducting-^Hre  is  formed  into  a 
loop,  and  placed   around  the 
uflitfltoy  and  at  the  same  time  parallel  to  it,  in  such  a  manner  that 
tte  earrent  may  flow  from  north  to  south  above  the  needle,  and 
ficom  south  to  north  below  it,  the  two  portions  of  the  wire  will 
conspire  to  deflect  the  needle,  and  the  efiect  of  one  and  the  same 
current  will  be  doubled.     By  turning  the  wire  again  round  the 
needle,  the  efiect  of  the  same  current  will  be  quadrupled,  and  by 
repeating  the  turns,  as  in  Fig.  362,  the  deflecting  force  may  be 
multiplied  to  a  very  great  extent ;  and  thus  the  deflections  of  a 
ftiagnetic  needle  may  become  the  means  of  detecting  a  very  feeble 
electric  current.     The  galvanometer  represented  in  Fig.  360  is  a 
direct  application  of  this  principle.     The 
conducting-wire,  which  is  covered  with  silk, 
is  wound  round  the  ivory  frame  a  &  a  great 
number  of  times,  and  terminates  at  the  two 
ends,  11, !»'.    The  magnetic  needle  is  sus- 
pended, so  as  to  oscillate  freely  within  the 
ivory  frame,  by  means  of  a  single  strand  of 
IBW  silk,/;  and  when  at  rest,  its  axis  is  parallel  to  the  turns  of 
flie  conducting-wire.    Parallel  to  the  first  needle,  and  immovably 
eonnected  with  it,  is  a  second  needle,  /,  which  oscillates  just  above 
t  graduated  arc,  and  thus  indicates  the  amount  of  deflection. 
This  needle  also  serves  another  purpose.    Its  north  pole  is  placed 
directly  over  the  south  pole  of  the  first  needle,  and,  both  being 
of  equal  force,  tlie  action  of  the  earth's  magnetism  on  one  is  bal- 
tnced  by  its  action  on  the  other.    A  needle  so  arranged  is  termed 
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astatic f  and  wUl  remain  in  any  position  in  which  it  may  be  placed. 
Horeover,  the  action  of  an  electric  current  upon  it  is  not  influ' 
eoced  by  the  magnetism  of  the  earth.  The  g^vdnated  disk  Just 
referred  to  rests  on  the  ivory  frame,  and  is  made  of  copper,  vliidi 
has  the  effect  of  deadening  the  oscillations  of  the  needle.  Wbea 
in  use,  tlie  two  poles  of  the  thermo-electric  pile  (o,  o',  Tig.  859) 
are  connected  with  the  ends  (it,  n',  EHg.  860)  of  the  condiictiiig- 
wire,  which  is  wound  round  ^e  frame  of  the  galranometer. 


The  apparatus  is  so  delicate,  that  the  beat  of  the  hand,  planed 
several  feet  in  front  of  the  conical  cap  O,  will  be  at  once  perceff 
tible,  by  deflecting  the  needle.  Moreover,  when  the  deflection  is 
not  greater  than  twenty  degrees,  the  angle  of  deviation  is  profuv- 
tioual  to  the  difference  of  temperature  between  tlie  faces  of  Ibt 
pile,  and  may  therefore  be  used  as  a  measure  of  the  intensity  rf 
the  calorific  efiect  produced  on  one  face  when  the  other  is  exposed 
to  a  constant  temperature.  Beyond  twenty  degrees,  the  aoglft 
of  deviation  is  no  longer  proportional  to  the  temperature;  but 
a  table  can  be  easily  constructed  for  each  instrument,  in  which, 
for  each  degree  of  deviation,  are  given  the  corresponding  diffn^ 
enccs  of  temperature  of  the  two  faces.  Melloni  does  not  extad 
tiiese  tables  beyond  thirty-five  degrees,  because  the  digfatert 
change  in  the  position  of  Uie  axis  of  suspenaon  of  tlie  needla 
would  cause  a  great  error  in  ita  indications.  A  deflection  rf 
thirty-fire  degrees  corresponds  to  a  diflerenoe  of  from  «i  to  eigW 
dognvs  in  the  temperature  of  the  two  feces  of  the  pile.  Tbs 
instrument,  as  mounted  for  use,  with  its  various  screens  ud 
kppoudagcs,  is  represented  in  Fig.  368. 
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PBOBLEUS. 

Thermometers. 

272.  It  is  required  to  change  into  Fahrenheit  and  Reaumur  degrees  the 
fi^wing  temperatures  in  Centigrade  degrees :  — 

Temperature  of  nuudmam  density  of  water,     .        .        .        .  +  3^.87  C. 

Boiling-point  of  liquid  ammonia, ^40 

**  **        Bolphnroos  acid, — 10 

"  "        alcohol, +75 

^        phosphonu, 290 

mercoiy, 860» 

273.  It  is  required  to  change  into  Centigrade  and  Beaumur  degrees  the 
feUowing  temperatures  in  Fahrenheit  degrees :  — 

Melting-poinl  of  mercorj, ^O^'  F. 

"  "        bromine, —  4 

"  •*        white  wax, +168 

"  *        Bodium, 194 

"  "tin, 442.4 

«  <«        antimony, 771.8 

Incipient  red  heat, 977 

Clear  cherryHfed  heat,  .       .        .       ' 1,832 

Dasding  white  beat, 9,732 

274.  How  manj  degrees  Centigrade  and  Reaumur  are  n^  Fahrenheit  ? 

275.  How  manj  degrees  Fahrenheit  and  Reaumur  are  n^  Centigrade  ? 

276.  At  what  temperatures  do  — x^  C.  equal  — ar®  F.  ?  — x**  R.  equal 
— «^  F.?  — «**  C.  equal  +x*  F.  ?  and  —a:**  R  equal  +a:**  F. ? 

277.  The  boiling-point  was  marked  on  the  stem  of  a  mercurial  ther- 
mometer when  the  barometer  stood  at  74.65  c  m. ;  the  distance  between 
this  point  and  the  freezing-point,  previously  determined,  was  found  to  be 
21^  cm.  It  is  required  to  determine  the  position  of  the  true  boiling- 
point  on  the  stem  with  reference  to  the  first. 

278.  Solve  the  same  problem,  representing  the  height  of  the  barometer 
hj  Sf  and  the  distance  between  the  freezing-point  and  the  boiling-point 
hjL 

279.  In  order  that  a  mercurial  thermometer  may  measure  temperatures 
between  — 40®  and  -|-300*,  how  many  times  must  the  capacity  of  the  bulb 
be  greater  than  that  of  the  tube  ? 

280.  A  thermometer-tube  was  divided  into  1,500  parts  of  equal  ca- 
flflilfy  as  described  in  (221).  It  was  then  weighed,  first  when  empty, 
■i  afterwards  when  containing  a  quantity  of  mercury  occupying  73  di- 
YHHiia.  The  difference  of  these  weights  was  0.008  grammes.  It  is 
'fiiired  that  the  distance  between  the  fixed  points  should  be  divided  into 
iboot  1,000  parts,  and  it  is  required  to  find  the  volume  of  the  reservoir 
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necessary  to  effect  this  object  If  the  reservoir  is  spherical,  what  most 
be  its  diameter  ?  If  it  is  cylindrical,  what  must  be  its  length,  assoming 
that  its  diameter  is  0.52  cm.? 

281.  AAer  the  thermometer  of  the  last  problem  was  made,  it  was  finod 
thai  the  sero-poiat  oorrespoaded  to  the  230th  dnnaioB  from  the  bottom  of 
the  scale,  and  the  boiling-^int  to  the  l,22dd.  To  what  tempenture  doa 
the  765th  division  correspond  ?  Prepare  a  taUe  giving  the  tempeiafim 
in  Centigrade  degrees  corresponding  to  every  tenth  divifioa  on  the  toba 

282.  A  thermometer  was  graduated  with  an  arbitrary  scale,  as  abore; 
the  zero-point  was  subsequently  found  to  coincide  with  the  5Gth  divisMi^ 
and  the  boiling-point  with  the  245th  division  of  this  scale,  irhm  tlie 
barometer  stood  at  74.25.  It  is  required  to  prepare  a  table,  giving  tlie 
temperature  in  Centigrade  degrees  oorrespooding  to  each  division  of  the 
scale. 

283.  The  temperature  of  an 'oil-bath  was  observed  with  a  mereoiT- 
thermometer  graduated  to  Centigrade  degrees  to  be  260** ;  the  portioa  of 
the  mercuiy-Golumn  in  the  stem  not  immersed  occupied  190%  and  tlie 
mean  temperature  of  thb  column  was  94^.  Bequired  the  true  tanper»> 
ture  of  the  bath. 

284.  When  the  thermometer  of  problem  281  was  immened  in  an  oil- 
bath,  the  mercury  rose  to  the  500th  division  of  the  scale ;  the  pcntion  of 
the  mercury-column  in  the  stem  not  immersed  occupied  390  divisioDSyaod 
its  mean  temperature  was  8^4.   Bequired  the  true  temperatnre  of  the  bstL 

285.  Reduce  the  following  temperatures,  observed  with  a  mercmy- 
thermometer  made  of  crown-glass,  to  degrees  of  the  air-thermometer:  260^, 
180%  230%  200%  300%  and  320*. 

286.  The  coefficient  of  expansion  of  glass  for  one  Centigrade  degree 
is  0.0000088482.  How  great  is  it  for  one  Fahrenheit  degree  ?  How 
great  for  one  Reaumur  degree  ? 

287.  The  French  unit  of  heat  is  the  amount  of  heat  required  to  raise 
the  temperature  of  one  kilogramme  of  water  from  0^  C.  to  1^  C;  the 
English  unit  is  the  amount  of  heat  required  to  raise  the  temperature  of  one 
avoirdupois  pound  of  water  from  59''  F.  to  W*  F.  What  is  the  relatioa 
between  the  two  ?     (See  table,  p.  472.) 

288.  Convert  into  French  units  of  heat  7.843 ;  234.62 ;  and  52.796 
English  units. 

289.  Reduce  to  English  units  52.34 ;  1,964.72 ;  0.6845 ;  and  8247 
French  units  of  heat. 

290.  Two  thermometers  are  made  of  the  same  glass;  the  qiheried 
bulb  of  the  first  has  an  interior  diameter  of  7.5  m.  m.,  and  its  tube  a  diaa* 
eter  of  0.25  m.  m. ;  the  bulb  of  the  second  has  a  diameter  of  6.2  m.  »f 
and  its  tube  a  diameter  of  0.15m.  m.  Required  the  relative  siae  oft 
degree  on  each. 
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SPECIFIC   HEAT. 

(229.)  Temperature.  —  The  amount  of  expansion  which  a  hot 
xiy  is  capable  of  producing  in  the  air  or  mercury  of  a  ther- 
tometer  measures  what  we  term  its  temperature.  This  effect 
only  indirectly  connected  with  the  amount  of  heat  which  the 
►dy  contains.     If  diflTerent  masses  of  water,  of  mercury,  of  iron, 

of  wood  produce  each  the  same  expansion  in  the  air  or  mer- 
jy  of  the  thermometer,  we  say  that  they  all  have  the  same 
mperature,  although,  as  we  shall  hereafter  see,  they  may  con- 
in  very  different  amounts  of  heat.  The  thermometer,  there- 
re,  is  an  instrument  for  measuring  the  temperature  of  a  body, 
id  not  the  amount  of  heat  which  it  contains.  It  gives  us, 
oagh  more  accurately,  the  same  kind  of  information  as  the 
Qse  of  touch,  indicating  that  condition  of  a  body  which  pro- 
ices  the  sensation  of  heat  and  cold.  It  gives  that  information 
iiich  is  alone  wanted  in  the  practical  affairs  of  life  ;  for  it  does 
»t  concern  us  generally,  how  much  heat  ^  body  contains,  but 
dy  what  effect  its  heat  will  produce  on  our  bodies. 
The  temperature  of  a  body  depends  on  two  conditions :  first, 
I  the  amount  of  heat  which  the  body  contains;  secondly,  on  the 
finity  of  the  body  for  heat,  or,  in  other  words,  on  the  power 
ith  which  it  holds  the  heat.  In  illustration  of  these  principles, 
tveral  well-known  facts  may  be  adduced.  Two  thermometers  in- 
oduced,  the  one  iiito  a  wine-glass  and  the  other  into  a  pail,  each 
'which  is  filled  with  water  just  drawn  from  a  well,  will  indicate 
te  same  temperature  in  both  ;  simply  because,  although  the 
ater  in  the  pail  contains  several  hundred  times  as  much  heat 
s  the  water  in  the  wine-glass,  it  also  holds  the  heat  witli  a  pro- 
ortionally  greater  force,  and  therefore  gives  up  no  more  to  the 
nib  of  the  thermometer  than  the  smaller  amount  of  water  in  the 
rine-glass.  Again,  two  thermometers,  introduced,  the  one  into 
I  glass  containing  a  kilogramme  of  water,  and  the  other  into  a 
JMsa  containing  a  kilogramme  of  mercury,  the  glasses  having 
seen  standing  together  for  some  time,  will,  in  like  manner,  indi- 
Bito  tiie  same  temperature  in  both  ;  for  although,  as  will  soon  be 
Ivvn,  the  water  contains  thirty  times  as  much  heat  as  the  mer- 
ftny,  it  holds  it  with  thirty  times  as  much  power. 

(230.)   Thermal  Equilibrium,  —  If,  as  is  sometimes  the  case 
b  a  room,  the  heat  is  distributed  through  the  different  articles 
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of  furniture  in  proportion  to  their  aflSjiity  for  the  imponderable 
agent,  it  is  evident  that  we  shall  have  a  condition  of  themul 
equilibrium  ;  for  there  will  be  no  tendency  for  the  heat  to  put 
from  one  body  to  another.  K  we  now  bring  a  thermometer  in 
contact  with  the  various  articles  of  furniture,  we  shall  find  that 
they  all  have  the  same  temperature.  Let  us  next  suppose  thai 
the  stove  suddenly  receives  an  accession  of  heat ;  we  shall  then 
find  that  it  will  indicate  a  higher  temperature  than  before,  be- 
cause it  is  in  a  condition  to  impart  more  heat  to  the  mercury  of 
the  thermometer.  In  the  course  of  a  short  time,  however,  this 
accession  of  heat  will  be  distributed  in  various  ways  .through  the 
different  bodies  in  the  room,  in  proportion  to  their  relative  affini- 
ties, when  it  will  be  found  that  all  again  hav/B<the  same  tempenr 
ture,  although  a  little  higher  than  before.  It  therefore  appears, 
first,  that  when  bodies  are  at  the  same  temperature  they  are  in  a 
state  of  thermal  equilibrium ;  secondly,  that  when  they  are  st 
different  temperatures,  the  warmer  will  impart  heat  to  the  colder 
until  an  equilibrium  of  temperature  has  been  established;  that 
is,  until  the  heat  has  been  distributed  through  all  in  proportion 
to  their  relative  affinities. 

(231.)  Unit  of  Heat.  —  In  one  condition  only  the  thermom- 
eter becomes  a  direct  measure  of  the  amount  of  heat ;  and  that 
is  in  the  case  of  the  same  weight  of  the  same  substance.  Thus, 
if  we  take  one  kilogramme  of  water,  it  is  true  that,  if  a  given 
amount  of  heat  will  raise  its  temperature  one  degree,  twice  the 
amount  of  heat  will  raise  its  temperature  two  degrees,  etc. 
Here,  then,  we  have  a  unit  for  measuring  amounts  of  heat; 
and  it  has  been  generally  agreed  to  assume,  as  the  unitofheat^ 
the  amount  of  heat  required  to  raise  the  temperature  of  one 
kilogramme  of  water  one  Centigrade  degree,  in  the  same  way 
that  a  metre  has  been  taken  as  a  unit  of  length,  and  a  minute  as 
a  unit  of  time. 

(232.)  Specific  Heat.  —  Assuming,  then,  this  unit  of  heat,  we 
shall  be  able  to  ascertain  the  relative  amounts  of  heat  which  differ- 
ent sul)stances  contain  at  the  same  temperature,  or,  what  amounts 
to  the  same  thing,  their  relative  affinities  for  heat.  For  this  pu^ 
pose,  let  us  in  the  first  place  take  two  vessels,  one  containing 
one  kilogramme  and  the  other  ten  kilogrammes  of  water,  and  let 
us  expose  them  both  to  such  a  source  of  heat  that  equal  quan-  .' 
titles  of  heat  must  enter  each  vessel  during  the  same  time.    ^^   t 
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1  find  that,  when  a  thermometer  in  the  first  vessel '  indicates 
I  the  temperature  of  the  one  kilogramme  of  water  has  risen 
degrees,  a  thermometer  in  the  second  vessel  will  have  risen 
r  one  degree.  Since  ten  units  of  heat  have,  by  our  assump- 
.,  entered  the  water  in  each  vessel,  it  follows  that  it  requires 
times  as  much  heat  to  raise  the  temperature  of  ten  kilo-  ' 
(nmes  of  water  one  degree  as  is  required  to  raise  the  temper- 
re  of  one  kilogramme  of  water  to  the  same  extent.  Sim- 
results  would  be  obtained  with  any  other  substance,  and 
ce  we  may  conclude  that  the  amounts  of  heat  required  to 
e  the  temperature  of  unequal  weights  of  the  same  substance 
degree,  are  proportional  to  these  weights. 
A  a  second  experiment,  wd  will  take  five  vessels,  containing 
lectively  one  kilogramme  of  water,  one  kilogramme  of  sul- 
r,  one  kilogramme  of  iron,  one  kilogramme  of  silver,  one 
gramme  of  mercury,  and  we  will  expose  them  all  to  such 
>urce  of  heat  that  equal  amounts  must  enter  each  vessel 
ing  the  same  interval.  If,  now,  we  observe  thermometers 
led  in  these  vessels,  we  shall  find,  when  the  temperature  of 
water  has  risen  one  degree  and  consequently  when  one 
t  of  heat  has  entered  each  vessel,  that  the  temperatures  of  the 
3r  substances  have  increased  by  the  number  of  degrees  given 
the  second  column  of  the  following  table.  By  the  principle 
established,  it  follows  that,  if  one  unit  of  heat  will  raise  the 
iperature  of  one  kilogramme  of  mercury  thirty  degrees,  it  will 
f  require  one  thirtietli  as  much,  or  0.033  of  a  unit  of  heat, 
raise  the  temperature  of  the  same  weight  one  degree.  In 
\  manner,  the  fractional  parts  of  a  unit  of  heat  required  to 
«  the  temperatures  of  one  kilogramme  of  each  of  the  other 
(Stances  one  degree  can  be  easily  calculated,  and  are  given  in 
third  column  of  the  table.  This  fraction  is  commonly  called 
t  specific  heat  of  the  substance. 

Temperatoie.  Unit  of  Heat. 

Water, LO  1.000 

Sulphur,      .        .         .         .         •  4.9  0.203 

Iron, 8.8  0.114 

'  Silver, 17.5  0.057 

Mercury, 80.0  0.033 

VaiCTy  then,  at  the  same  temperature,  contains  4.9  times  as 
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much  heat  as  the  same  weight  of  sulphur,  8.8  times  as  mndi 
as  the  same  weight  of  iron,  17.5  times  as  much  as  the  BUM 
weight  of  silver,  and  80  times  as  much  as  the  same  weigbt  rf 
mercury ;  and  in  like  manner  we  should  find  that,  at  the  nmo 
temperature  and  for  equal  weights,  water  contains  more  heit 
than  any  solid  or  liquid  known.    Hence,  tlie  specific  heat  rf 
solid   or   liquid   substances  is  always  expressed  by  fi-acticns. 
These  fractions,  as  determined  by  Regnault  for  the  chemical  de- 
ments, are  given  in  the  following  table.    The  numbers  in  eack 
case  denote  the  fractional  part  of  a  unit  of  heat  required  to  raisB 
the  temperature  of  one  kilogramme  of  the  substance  one  degree^ 
They  also  represent  the  relative  proportions  in  which  heat  is  di»- 
tributed  among  equal  weights  of  these  substances  when  in  the 
state  of  thermal  equilibrium,  and  therefore  indicate  their  relatiTe 
affinities  for  the  imponderable  agent. 


Specific  Shot  of  the  ElemenU* 


Names  of  SnbsteneeB. 


Brass,  . 
Glass, 


Iron,     . 
■  Zinc, 
I  Copper, 
'  Mercury,  . 

Solid  Mercury, 

Cadmium, 

Silver,  . 

Arsenic,    . 

Ijcad,    . 

Bismuth,  . 

Antimony,    . 

Tin, 

Nickel, 

Colwlt,      . 


SpedfleHMt. 


NamM  of  SabtteDOM. 


PnUminary  Data. 

0.093910     I     Water, 

0.197680     I    Oil  of  Turpentine, . 


Elements. 


0.118790 
0.095550 
0.095150 
0.033320 
0.032410 
0.056690 
0.057010 
0.081400 
0.031400 
0.030840 
0.050770 
0.056230 
0.108630 
0.106960 


Platinum  plate, 

"         sponge,    . 
Palladium, 
Gold, 

Sulphur,     . 
Selenium, 
Tellurium, . 
Potassium, 
Bromine,  liquid, 

solid  (— 280) 
Iodine, 
Carbon,  . 
Phosphorus, 


BpMiteHnt. 


1.0080QO 
0.4259M 


O.OS24S0 
0.032930 
0.059270 
O.OS2440 
0.202590 
0.083700 
0.051550 
0. 169500 
0.110940 
0.084S20 
O.O54120 
O.241110 
O.188700 


(233.)  Determination  of  the  Specific  Heat  of  Soiids  and 
Liquids.  —  There  are  two  methods  usually  employed  for  this 
purpose.      The  first  method  is  called  the  method  of  cooling. 
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id  is  based  upon  the  axiom,  that  the  time  reqtiired  for  equal 
eights  of  different  substances  to  cool  through  the  same  num- 
>r  of  degrees,  under  exactly  the  same  conditions,  will  be  pro- 
irtional  to  the  quantity  of  heat  which  they  respectively  contain, 
•,  in  other  words,  to  their  specific  heat.  The  only  diflBculty  in 
>plying  this  principle  to  practice  consists  in  securing  precisely 
lO  same  conditions  for  all  substances.  In  order  to  attain  this 
Jject,  Regnault  contrived  a  very  ingenious  apparatus,  which  is 
ascribed  at  length  in  the  Annates  de  Chimie  et  de  Physique^ 
^  S^rie,  Tom.  IX. ;  but  notwithstanding  the  utmost  precautions 
ad  most  persevering  eflTorts,  this  very  skilful  experimenter  could 
ot  obtain  satis&ctory  results  by  this  method.  We  shall  not, 
tierefore,  enlarge  upon  it  here. 

The  second  method,  which  is  called  the  method  of  mixture^ 
onsists  in  heating  a  substance  to  a  known  temperature,  and 
hen  throwing  it  into  a  vessel  contauiing  a  known  weight  of 
!old  water.  The  amount  of  heat  communicated  to  the  water 
rill  be  proportional  to  the  specific  heat  of  the  given  substance, 
rnd  gives  us  the  data  for  calculating  it.  This  last  method,  which 
s  by  far  the  most  accurate  of  all  the  methods  yet  devised,  re- 
juires  further  illustration. 

Example  1.  If  we  mix  one  kilogramme  of  mercury  at  20** 
irith  one  kilogramme  of  water  at  0**,  we  shall  find  that  the 
emperature  of  the  mixture  will  be  O^'.eSO.  The  water,  there- 
bre,  has  gained  0.639  of  a  unit  of  heat.  This  amount  of  heat, 
ilso,  is  evidently  sufficient  to  raise  the  temperat^re  of  one  kilo- 
gramme of  mercury  from  0*^.639  to  20%  that  is,  through  19^361. 
lence,  the  amount  of  heat  required  to  raise  the  temperature 
i  one  kilogramme  of  mercury  one  degree  must  be  equal  to 
^  =  0.033  of  one  unit. 

Example  2.  If  we  mix  0.685  of  a  kilogramme  of  sulphur  at  60** 
nth  4.573  kilogrammes  of  water  at  12**,  we  shall  find  that  the 
emperature  of  the  mixture  will  be  13**.42.  The  temperature 
f  4.573  kilogrammes  of  water  has  risen  1**.42,  and  hence  the 
^ter  has  acquired  4.573  X  1.42  =  6.493  units  of  heat.  These 
493  units  of  heat  were  sufficient  to  raise  the  temperature  of 
685  of  a  kilogramme  of  sulphur  from  13**. 42  to  60**,  or  through 
}®^8.  Tliey  would,  therefore,  raise  the  temperature  of  one  kilo- 
-anmie  of  sulphur  through  46**.58  X  0.685  ==  31**.9.  Hence,  it 
cmld  require  |^  3=  0.203  of  a  unit  of  heat  to  raise  the  tempera- 
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ture  of  one  kilogramme  of  sulphur  ono  d^ree.    In  like  manner 
all  similar  problems  may  be  solved. 

These  solutions  may  easily  be  made  general,  and  reduced  to 
an  algebraic  form,  in  Uie  following  way.    Let 


W  =  weight  of  water. 
T*  =  temperature  of  water, 
d^  =  temperature  of  mixture. 


w   =  weight  of  substance. 
TT*  =  temperature  of  sobstaoce. 
X    =  specific  heat  required. 


Then  we  shall  have, 


W 


wx 


=  uoits  of  heat  required  to  raise  temperature  of  water 

used  one  degree. 
=  units  of  heat  required  to  raise  temperature  of  nb- 

stance  used  one  degree. 
=  number  of  degrees  through  which  temperature  of  water 

has  been  raised. 
=  number  of  degrees  through  which  temperature  of  sob- 
stance  has  fallen. 
(^  —  t)**  IT    =  units  of  heat  water  has  gained. 
(  T —  By  wx  =  units  of  heat  substance  has  lost 


{T—ey 


Since  the  gain  and  the  loss  miist  be  equal,  it  follows  that 

(T—eytcx  =  (^  — t)**  W; 


whence 


_  (3—ryW 

^  ~  (T—eyw' 


[157.] 


The  results  obtained  from  this  formula  would  be  accurate, 
woiv  it  not  for  the  ftict,  that  the  vessel  which  holds  ilie  water 
ohangi^s  its  tomporatui-e  with  that  of  the  water,  so  that  the  beat 
lost  by  the  substance  not  only  raises  the  temperature  of  tlie  water 
C^  —  "^y^  but  also  the  temperature  of  the  vessel,  by  the  same 
amount.  If  we  know  the  weight  of  the  vessel  and  the  specific 
heat  of  the  substance  of  which  it  is  made,  we  can  easily  estimate 
the  anioui\t  of  heat  required  for  this  purpose.  The  vessel  used 
is  generally  made  of  brass  or  silver,  very  light  and  brightly  pol- 
ished, so  that  these  data  can  be  readily  obtained. 

Let  w  =  weight  of  tlie  vessel,  and  c  =  specific  heat  of  the 
vessel;  then 

•    <•  =  amount  of  heat  required  to  raise  its  temperature  one  de- 

K  —  T)*»ir'r  =  amount  of  heat  required  to  raise  its  temperature  (^— 0"* 
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ffince  the  heat  lost  by  the  substance  is  equal  to  that  gained  by  the 
water  plus  the  amount  gained  by  the  vessel,  it  follows  that 

(T—eywx={e—jy  w+{e—Tywc={e—xy{W-\-w'c)i 

If,  as  is  usually  the  case,  the  substance  is  enclosed  in  a  glass 
tube  on  a  small  basket  of  wire-work,  it  is  also  necessary  to  pay 
regard  to  the  weight  and  specific  heat  of  these  envelopes  in  the 
calculation.  Representing,  then,  by  w"  and  &  the  weight  and 
specific  heat  of  the  envelope  respectively,  we  shall  have,  evi- 
dently, 

(T —  oy  w"d  =  units  of  heat  the  envelope  has  lost. 

Hence  we  obtain, 

(T—Byw"c'  +  (T—eywx  =  (^— i)**  {W+w'c)y 

and  also 

X (T-ey~w •       L^^^-J 

The  above  method  of  determining  the  specific  heat  of  solids 
and  hquids  admits  of  great  accuracy,  but  its  practical  appli- 
cation requires  many  precautions  and  great  delicacy  of  ma- 
nipulation. Begnault,  who  adopted  this  method  in  his  very 
extended  investigations  on  specific  heat,  used,  in  making  the 
determinations,  the  apparatus  represented  in  Fig.  364.*  Tliis 
apparatus  consists,  first,  of  the  vessel  w,  in  which  the  heated 
substance  is  mixed  with  water ;  secondly,  of  k  peculiarly  con- 
8tracted  steam-bath,  VP  F,  by  which  the  substance  is  previously 
beated  to  a  known  temperature  of  about  100**. 

The  substance  to  be  examined  is  placed  in  a  small  basket  of 
fcrass  wire,  P.  If  it  is  solid,  it  is  broken  into  small  lumps  ;  but 
if  liquid,  it  is  enclosed  in  tubes  of  glass,  whose  weight  and  spe- 
cific heat  are  known.  In  the  axis  of  the  basket  there  is  fastened 
^  small  cylinder  of  wire-netting,  which  receives  the  bulb  of  a 
delicate  thermometer  for  determining  the  temperature  of  the 
^ket  and  its  contents.  During  the  process  of  heating,  the 
tteket  is  suspended  by  means  of  silk  cords  in  the  interior  of  a 


•  AnmUes  de  Chimie  et  de  Physiqae,  2«  S^rie,  Tom.  LXXIII.  p.  20. 
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stetuQ-bath,  fonned  of  three  otmoeQtrio  CfUnden  i^  till  pbk. 
The  space  P,  iu  vhich  the  buket  is  Bospeoded,  is  filled  wiA  nr, 
and  opens  below  into  the  chamber  M  by  meaus  of  the  tlide  rr, 
which  cao  be  withdrawn  at  pleasure.    The  epace  V  ia  filled  irilb 


steam,  which  is  constantly  supplied  from  the  boiler  Cy  and  aftn^ 
wards  condensed  in  the 'worm  t ,  and,  lastly,  the  space  betwrai 
the  stcam-chomber  and  the  outer  cyhndor  is  filled  with  air,  wtucb, 
being  a  noii-couductor,  diminiBhcs  tlie  loss  of  heat  by  the  bith, 
and  thus  tends  to  keep  its  temperature  constant 

A  cylindrical  vessel,  m,  made  of  very  thin  sheet-brass,  coDtuu 
the  walor  with  vliich  the  substance  is  to  be  mixed.  It  is  tos- 
P<.>iu1ihI,  by  means  of  silk  cords,  to  a  movable  support,  vtiicli 
ulideii  in  a  groove,  so  that  the  vessel  may  be  readily  moved  iota 
tile  ohamWr  .V,  under  the  steam-bath.  A  delicate  tliermcmtoter, 
/.  gives  very  accurately  the  tempcraturo  of  tlio  water,  and  • 
stHMiul  thermometer,  T,  that  of  the  air.  These  thermoiaeten 
nr\«  o)>servod  I>y  means  of  a  telescope  placed  several  feet  distant, 
luul  even-  pivcautiou  is  taken  to  protect  them  from  cxtrsneoo) 
intlueiKvs. 

In  making  a  tleiorroination  of  the  specific  heat  of  a  snbstanM, 
we  wait  until  the  titermometer  P  indicates  a  constant  temper* 
tim',  which  rt'nuiivs  about  two  hours.  Then,  in  order  to  be  mw 
tbitt  ilio  MiWtamv  has  tlic  same  temperature  tlironghoot,  n 
wnit  at  least  an  lu>ur  longer,  and  carefully  <A»erve  the  tbenuKD' 
eters  I  and  T.  Having  removed  the  screen  e,  we  now  pufh  tbe 
^e.-i.M-I  M  into  the  chamber  Jf,  and,  withdnwii^  the  dide  rr, 
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uickly  drop  the  basket  containing  the  substance  into  the  water. 
*be  vessel  is  then  at  once  returned  to  its  former  position,  and, 
rhile  an  assistant  stirs  up  the  water,  we  observe  the  elevation  of 
emperature  indicated  by  the  thermometer  ty  wliich  reaches  its 
naximum  in  one  or  two  minutes. 

In  calculating  the  specific  heat  of  a  substance  from  these 
results  by  means  of  [169],  it  is  necessary  to  take  into  the  ao- 
20unt  the  quantity  of  heat  received  by  the  vessel  m  from  the  air 
or  neighboring  bodies  during  the  course  of  the  experiment,  as 
well  as  that  which  it  loses  during  the  same  time.     The  variation 
of  temperature  arising  from  this  cause  is  ascertained  by  means 
of  a  series  of  preliminary  experiments,  made  under  the  same 
conditions  as  the  final  determination,  and  the  observed  tempera- 
ture of  t  corrected  accordingly  ;  but  as  the  value  of  this  correc- 
tion is  necessarily  somewhat  uncertain,  it  is  made  very  small  by 
leduciug  as  much  as  possible  the  duration  of  the  experiments, 
and  albo  by  so  regulating  the  temperature  of  the  water  that  it 
may  be  for  an  equal  length  of  time  above  and  below  the  temper- 
ature of  the  air.     Moreover,  during  the  few  seconds  that  the 
vessel  of  water  is  in  the  chamber  ikf,  it  is  protected  from  the  heat 
of  die  steam-bath  by  the  cold  water  which  fills  the  space  within 
the  hollow  walls  D  D  ;  and  when  outside  of  the  chamber,  it  is 
also  protected  by  the  screen  e. 

In  order  to  test  the  accuracy  of  this  process,  Regnault  deter- 
mined the  specific  heat  of  water  with  the  apparatus  just  described. 
In  two  experiments,  in  which  the  liquid  was  heated  to  97**,  he 
obtained  the  values  1.00709  and  1.00890,  thus  showing  that  the 
specific  heat  of  water  increases  with  the  temperature,  and  also 
confirming  the  accuracy  of  the  method. 

(234.)  General  Results.  —  From  the  numerous  investigations 
thich  have  been  made  on  the  specific  heat  of  solid  and  liquid 
tubstances,  several  important  general  truths  have  been  deduced. 

First.  The  specific  heat  of  substances  is  a  distinguishing  prep- 
ay, closely  connected  with  their  atomic  weights  or  combining 
proportionals.  The  relation  which  exists  between  these  two 
Qualities  of  matter  has  already  been  discussed  in  (215  bii)  and 
Wl  also  appear  on  solving  Prob.  292. 

Secondly.  The  specific  heat  of  the  same  substance  increases 
tith  the  temperature.  This  is  true  even  in  the  case  of  water, 
^hicb  has  been  selected  as  the  standard  to  which  the  specific 
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heat  of  other  substances  is  referred.  The  nnit  of  heat,  it  wiS 
be  reincml)cred,  is  the  quantity  of  heat  required  to  nose  the 
tcini)eraturc  of  one  kilogranuno  of  water  one  Centigrade  degree. 
Now  it  might  be  supposed  that  the  same  quantity  of  heat  voaU 
raise  the  tem{)orature  of  a  kilogramme  of  water  one  degree  at  all 
p»rti!t  of  the  thcrmometric  scale ;  but  this  is  not  the  case :  to 
raise  the  temperature  of  one  kilogramme  of  water  from  100"  to 
101"  requires,  for  example,  1.0180  units  of  heat,  and,  as  a  geneni 
rule,  the  aiuount  required  is  greater  the  higher  the  temperature. 
Tliis  is  shown  by  the  following  table.  In  the  second  columi, 
headed  i\  op|)osite  to  each  temperature,  is  given  the  specific  belt 
of  water  at  timt  temperature ;  in  other  words,  the  number  of 
uuits  of  heat  nHjuired  to  raise  the  temperature  of  one  kilo- 
gninuno  of  water  from  /**  to  (<  +  !)*•  ^^  ^^^  *^"^  colimm, 
hoailetl  i\  are  given  the  mean  specific  heats  for  the  interval  rf 
tem]H}raturo  iHjtwecn  0**  and  /®. 


0 
20 
40 

«J0 

so 


r. 

C. 

1. 

c 

C. 

1.0000 

1.0000 

100 

1.0180 

1.0050 

l.(H)13 

1.0005 

120 

i.oin 

1.0067 

1. 01^30 

1.0013 

140 

1.0232 

1.00?7 

1.00,^6        , 

1.0023 

160 

1.0294 

1.0109 

l.(H)S9 

1.0035 

180 

1.0364 

1.0133 

It  will  be  noiieed  that,  within  the  ordinary  range  of  atmos- 
pheric teni|H»raiures,  the  specific  heat  of  water  increases  only 
very  sliirluly  ;  sd  that,  in  determinations  of  the  specific  heat  of 
other  subsianees  by  tlio  method  of  mixtures,  that  of  water  may 
be  ivirarded  as  eonstant  between  0**  and  20**.  But  above  this 
tein|KMatiiiv  the  inerease  of  the  specific  heat  of  water  can  no 
lonirtM-  be  ilisivirarded,  and  we  must  therefore  modify  slightly  our 
detiniiion  i>r  iho  unit  of  heat.  Accurately  speaking,  the  mi 
oj  hrtit  is  the  i/tunttifi/  of  heat  required  to  raise  the  temperature 
o/ah'/oi^^nimnic  of  water  from  0°  to  V, 

^^  hat  is  shown  by  the  above  table  to  be  tnie  of  water,  is  also 
true  of  all  other  solids  and  liquids.  Dulong  and  Pciit  made 
oxjuMuneiiis  k^w  a  numlKM-  of  metals  up  to  300%  employing  the 
methoil  of  mixtuivs,  and  obtained  the  results  iriven  in  the  follow- 
ing table:  — 
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Ham  Of 

Motel. 

Mooa  Spedflo  Hoot 

r. 

NOBW  of 
Hotel. 

Moon  Spodflc  Heat 

r. 

Betwoen  ;  Betwoen 
<y*100»|0»*800». 

Between 
O^fclOO". 

Between 
0°a6  800». 

ron, 

ffcrcury, 
Snc, 
kntimonj, 

0.1098 
0.0880 
0.0927 
0.0507 

0.1218 
0.0850 
0.1015 
0.0549 

8d2!2 
818.2 
828.5 
824.8 

Silver, 
Copper, 
Platinum, 
Glass, 

0.0557 
0.0949 
0.0855 
0.1770 

0.0611 
0.1018 
0.0855 
0.1990 

829!8 
820.0 
817.9 
822.2 

In  equation  [159],  the  temperature  T  is  supposed  to  be  given, 
id  from  it  we  can  calculate  the  specific  heat  of  tlie  substance ; 
it  we  may  evidently  reverse  this  calculation,  and,  when  the 
lecific  heat  of  the  substance  is  known,  use  the  method  of  mix- 
ires  for  determining  its  temperature.  Thus  this  method  fur- 
ishes  a  very  simple  means  of  measuring  high  temperatures.  If, 
tr  example,  we  wish  to  measure  the  temperature  of  a  furnace, 
'6  expose  to  it  a  mass  of  platinum  of  known  weight ;  and  when 
tie  mass  has  acquired  the  temperature  of  the  furnace,  we  transfer 
\  to  the  brass  vessel  m  (Pig.  364),  containing  a  known  weight  of 
rater,  and  observe  the  elevation,  taking  all  the  precautions  men- 
bned  in  the  previous  section.  If  the  specific  heat  of  the  plati- 
lum  is  known,  we  then  have  all  the  elements  for  calculating  the 
emperature.  If  it  is  not  known,  we  can  make  two  determina- 
ions  with  unequal  quantities  both  of  platinum  and  water,  and 
bus  obtain  two  equations,  from  which  we  can  eliminate  the 
ipecific  heat.  Or,  since  the  mean  specific  heat  of  platinum  is 
mown  between  0**  and  different  high  temperatures,  we  can  also 
adculate  the  temperature  of  the  furnace  from  an  estimate  of  the 
ralue  of  the  specific  heat  for  the  unknown  temperature,  and 
ifterwards  use  the  specific  heat  corresponding  to  the  tempera- 
tare  thus  obtained  for  calculating  a  new  value  of  the  temperature, 
rtich  will  be  more  exact.  In  order  to  furnish  the  data  for  such 
calculation,  M.  Pouillet  has  determined  by  experiment  the  mean 
pecific  heat  of  platinum  between  0*"  and  different  high  tempera- 
ares,  measured  by  the  air  thermometer.  His  results,  which 
?e  given  in  the  following  table,  were  obtained  by  the  method 
^  mixtures. 

Mean  Specific  Heat  of  Platinum. 


• 

0 

to     100 

0.08350 

o 

0 

to    1000 

0.03728 

0 

«     300 

0.03434 

0 

«    1200 

0.03818 

0 

«     500 

0.03518 

0 

"    1500 

0.03938 

0 

-     700 

0.03602 
40* 
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Tlio  change  of  the  specific  heat  with  the  temperature 
>Try  marked  as  the  solid  approaches  its  melting  pdnt ;  waUm 
h  os^iKvially  the  case  with  those  solids  which  soften  before  %^ 
molt.  Hence,  in  stating  the  specific  heat  of  a  substance,  iiii 
im)H^rtaut  to  name  the  temperatures  between  which  tlie  dfl» 
miualion  was  made. 

The  siKH-nfic  heat  of  liquids  varies  with  the  temperatuivlii 
n\uol\  grt'aler  extent  than  that  of  solids.  Thus  bromine,  sceofif 
lo  Kot;nault,  has  the  specific  heats  0.10513,  0.11094,  O.ll^i 
Iviwtvu  the  temperatures  — 6**  and  ^-lO*,  ll'^and  48*,  !?■! 
r>S'\  r\^?|HViivoly.  So,  also,  oil  of  turpentine  has  the  speedfif  id 
of  0, 4iHi  Ivtwoen  15**  and  20*,  and  0.4672  between  15*  SDd  1* 

Koirnaxili  *  has  also  determined  tlie  specific  heat  of  a  kai 
numlvr  of  other  liiiuids  by  the  method  of  coolings  wliiduisli 
touiid,  cives  more  accurate  results  with  liquid  than  with  soil 
suKnluu'os.  Sinne  of  the  most  important  of  his  results  are  gim 
iu  ilto  toUowiui::  table.  As  a  general  rule,  they  siiow  that  Ai 
s(Hvii\e  boat  increases  with  the  temperature.  But  the  difleram 
Ivcwivu  the  extreme  temperatures  is  so  small,  tliat  the  ^^ 
iucivrtM>  of  the  s[HH.*iric  heat  is,  in  some  cases,  more  tlian  0Te^ 
U\Lu\c\\l  bv  Yuriutions  aris«ing  from  other  and  accidental  caus^ 
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5*  to  i(y». 


o.02sa 

0.65;^ 
0.5S01 
0.3207 
0.2164 
0.1587 
0.4713 
0.4134 
0.44?9 
0.1421 
0.1914 
0.2017 
0.2179 


—  I 


10"  to  15'.       I      15u.3>^ 


0.0283 
0.6651 
0,5>6S 
0.51 58 
0.2135 
0.1584 
0.4653 
0.4156 
0.4424 
0.1402 
0.1904 
0.1987 
0.2183 


0.0290 
0.6723 
O.fiOW 
0.:)i:7 
0.2153 

o.i:»8< 

0.4772 
0.4267 
0.4501 
0.1416 
0.1904 
0.1991 
0.2206 


h  wiVi  '\^  !u>:u\\i  :iu;t  ilio  i:ioreii:?e  of  the  ?jH?cific  heatviA 
tb.o  io:irviu:i;:v  oorr\^s:v;Kis  \>  i!\e  increase  of  the  rate  of  exptft- 
?iivM\,  iiiivl  ii  is  pivKiMc  iluu  the  two  classes  of  phenomena  are 


•  AMn*lw  vi^:  Ctiiiuie  trc  d*  l^rM^w.  «•  Stfie*  Tom.  IX.  p.  336. 


HEAT. 


476 


oaelj  connected  together.  The  best  explanation  which  we  can 
9e  of  the  facts  is  this.  K  the  volume  of  a  solid  or  liquid  mass 
t  matter  reniained  the  same  at  all  temperatures,  it  is  probable 
pit  it  would  require  exactly  tlie  same  quantity  of  heat  to  raise 
•^  temperature  one  degree  at  all  parts  of  the  thermometric  scale. 
J,  however,  both  solid  and  liquid  matter  are  expanded  by  heat 
itt  an  irresistible  force,  a  portion  of  the  quantity  of  heat  re- 
Died  to  raise  the  temperature  of  a  given  mass  one  degree  is 
Qdered  latent  in  producing  this  mechanical  effect ;  and  since 
6  rate  of  expansion  increases  with  the  temperature,  the  quan- 
J  of  heat  thus  rendered  latent,  and  hence  also  the  specific 
Kt,  must  be  greater  at  high  than  at  low  temperatures, 
rhirdly.  All  substances  have  a  greater  specific  heat  in  the 
old  than  in  the  solid  state.  This  truth,  which  is  rendered 
dent  by  the  following  table,  is  probably  connected  with  the 
t  that  the  rate  of  expansion  of  liquids  is  greater  than  that  of 
ids,  and  hence  the  quantity  of  heat  absorbed  in  producing  this 
ichanical  effect  is  also  greater. 


Kame  of  Sttbatanoe. 


Lead,  . 
bromine,  . 
Iodine, 

Balphor, 
HUmath,  . 
2iiu:,    . 

^^hosphoniR, 

MTater,      .... 

Chloride  of  Calcium  (crjst), 

^(itrate  of  Soda, 

titrate  of  Potassa, 

^v 


Solid 

■ 

iDterral  of 
Temperature. 

Speciflo 
Heat. 

0    to    100 

0.0314 

-78    «   -20 

0.08432 

0    u    100 

0.05412 

-78    «   -40 

0.0247 

0    «    100 

0.2026 

0    u    100 

0.030S4 

0    ((    100 

0.0956 

0    "    100 

0.0562 

10    a,      30 

0.1887 

under    0 

0.502 

«       0 

0.345 

0  to   100 

0.27821 

Interral  of 
Touperature. 


Specific 
HeaL 


0  «  100 


0.23875 


350  to 

10  u 

0  i( 

120  u 

2S0  u 

230  u 

50  u 

0  u 

33  u 

320  (4 

350  <• 


430 

48 

100 
150 
880 

350 
100 
20 
80 
430 
435 


0.0402 

0.1109 

0.10822 

0.0333 

0.234 

0.0363 

0.0637 

0.212 

1.0000 

0.555 

0.413 

0.3319 


fourthly.  The  specific  heat  varies  with  the  molecular  condi- 
gn of  a  substance,  and  we  can  say,  in  general,  that  all  causes 
bich  increase  the  density  of  a  solid  diminish  its  specific  heat. 
bus  the  specific  heat  of  artificially  prepared  sesquioxide  of  iron 
minishes  in  proportion  as  its  density  is  increased  by  calcination, 
id  finally  becomes  equal  to  that  of  the  natural  iron  glance.  So 
K>  copper,  when  annealed,  has  a  specific  heat  equal  to  0.09501; 
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but  after  its  density  lias  been  increased  bj  hammering,  the  ip^ 
cific  heat  is  found  to  be  only  0.09360.  On  the  other  hand,  lb 
specific  heat  of  tin  or  lead  is  not  increased  by  mechanical  pni- 
sure ;  but  then  Uieir  density  also  remains  undianged. 

The  specific  heat  of  a  substance,  moreover,  is  not  the  same  it 
its  difiereut  allotropic  modifications.  The  specific  heat  of  cu>- 
bon,  for  example,  difiers  very  greatly  in  its  three  allotropic  condi* 
tions,  as  is  shown  by  the  following  results  of  Begnault.  It  wil 
bo  noticed  tliat  in  these  cases,  also,  the  specific  heat  diminidiei 
with  the  density.  Similar  &cts  were  observed  by  Begnault*  it 
the  case  of  sulphur  and  carbonate  of  lime. 

Speette  Ofmiily.    SpkUoHmK. 

Wood  Charcoal,        ....    CaOO  0.2415 

Graphite, 2.300  0.2027 

Diamond, B.500  O.U69 

Fifthly.  By  referring  to  the  tables  on  pages  466, 475,  it  will  ba 
seen  that  liquid  water  has  the  greatest  specific  heat  of  any  of  the 
substances  mentioned.  In  fact,  for  the  same  temperature,  it 
contains  the  greatest  amount  of  heat  of  any  solid  or  liquid 
known.  This  property  of  water  makes  the  oceans  of  tlie  globe 
great  reservoirs  of  heat,  and  hence  the  important  influence  which 
they  exert  in  moderating  and  equalizing  the  climate  of  islauds 
and  continents. 

On  the  other  hand,  it  will  be  noticed  that  mercury  has  a  veiy 
small  specific  heat.  It  is  therefore  rapidly  heated  or  cooled,  aod 
is  in  tliis  respect  also,  as  in  others  (225),  well  adapted  for  its 
use  in  the  thermometer. 

(235.)  Specific  Heat  of  Gases.  —  Tlie  determination  of  the 
specific  heat  of  gases  involves  tlie  gi'eatest  pi-actical  difficulties, 
and  although  several  extended  investigations  of  the  subject  bate. 
been  made  by  eminent  physicists,  yet  the  results  obtained  have 
been  generally  very  erroneous.  Within  a  few  years,  the  subject 
has  been  reinvestigated  by  Regnault,  and  his  determinations  of 
the  speeific  heat  of  the  gases  are,  unquestionably,  far  more  acco- 
ratc  tlian  those  of  any  previous  experimenter.  Unfortunately, 
however,  as  no  description  of  the  process  employed  by  Regnaidt 
has  yet  been  pul)lished,  we  can  only  state  the  general  results  al 
whieh  he  has  arrived. 

Tlie  specific  heat  of  a  gas  may  be  defined  in  two  ways :  fin^ 
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HEAT.  477 

\  tlie  amount  of  heat  reqiiircd  to  raise  the  temperature  of  one 
logramme  of  the  gas  from  O""  to  1^,  allowing  the  gas  to  expand 
eely  and  in  such  a  manner  that  it  shall  preserve  a  constant 
asticity ;  and,  secondly,  as  the  amount  of*  heat  required  to 
kise  the  temperature  of  one  kilogramme  of  the  gas  from  0°  to 
'  when  the  gas  is  compelled  to  preserve  a  constant  voliune,  the 
oision  of  course  increasing.  We  may  distinguish  the  specific 
sats  under  these  two  conditions  as  the  specific  heat  under  corir 
mu  pressure,  and  specific  heat  under  constant  volume.  In  the 
186  of  liquids  and  solids  we  can  only  determine  the  specific 
eat  under  constant  pressure,  and  in  the  case  of  gases  it  is  only 
lis  value  which  can  be  determined  by  direct  experiment. 

(236.)  Specific  Heat  of  Gases  under  Constant  Pressure.  —  As 
reliminary  to  the  determination  of  the  specific  heats  of  the  scpa- 
site  gases,  Begnault  has  established  two  important  principles :  — 

First.  The  specific  heat  of  a  gas  does  not  vary  sensibly  with 
If  temperature.  This  is  illustrated  by  the  following  table,  which 
Jves  the  specific  heat  of  air  between  different  limits  of  temperature. 

Intenrml  of  Temperatim.  Specific  Heat. 

_30«»     to    +10**  0.2377 

10**     "       100**  0.2379 

100**     "       225**  0.2376 

It  will  be  noticed  that  the  differences  are  inconsiderable,  and  the 
wne  was  found  to  be  true  of  other  gases. 

Secondly.  The  specific  heat  of  a  gas  does  not  vary  with  the 
wtssure,  and  hence  is  the  same  for  all  densities.  Regnault  ex- 
perimented on  air  and  on  other  gases  under  pressures  which 
lined  from  one  to  ten  atmospheres,  and  found  no  sensible  diflfer- 
noe  in  the  quantity  of  heat  whicli.  the  same  weight  of  a  gas 
krt,  when  under  these  different  pressures,  in  cooling  the  same 
tamber  of  degrees.  Nevertheless,  he  thinks  it  possible  that 
iB|^t  differences  may  exist. 

The  specific  heats  of  the  different  gases  and  vapors,  as  de* 
Akmined  by  Regnault,  are  given  in  the  following  table.  The 
taMmbers  in  the  column  headed  "  Specific  Heat  by  Weight " 
0Ktespond  to  those  given  in  all  the  preceding  tables  of  specific 
Pits,  and  denote  in  each  case  the  number  of  units  of  heat  re- 
iMred  to  raise  the  temperature  of  one  kilogramme  of  the  gas 
*tlin  0^  to  1**,  assuming  that  the  gas  is  allowed  to  expand  freely, 
^  that  the  pressure  is  constant. 
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The  specific  heat  of  a  substance,  whether  it  be  a  solid,  a  liquid, 
a  gas,  is  always,  properly  speakingg^he  number  of  units  of 
at  required  to  raise  the  temperatures  one  kilogramme  from 
to  1** ;  and  the  term  is  invariably  usea  in  this  sense  in  relation 
both  solids  and  liquids.  But  in  the  case  of  gases  some  im- 
irtant  truths  have  been  discovered  by  comparing  together  the 
Qounts  of  heat  required  to  raise  the  temperature  of  equal  vol- 
nes  from  0®  to  1**,  irrespective  of  their  weight.  The  number  of 
lits  required  can  in  any  case  be  readily  calculated  from  the 
ecific  heat  and  the  specific  gravity  of  the  gas,  and  this  quantity 
usually  called  the  specific  heat  by  volume. 
By  referring  to  Table  II.,  it  will  be  found  that  one  cubic  metre 
air  at  0**,  and  tmder  a  pressure  of  76  c.  m.,  weighs  1.29206 
logrammes.  Hence,  by  [100],  one  cubic  metre  of  air  atV)'', 
id  imder  a  pressure  of  68.76  c.  m.,  will  weigh  exactly  one  kilo- 
amme ;  and  one  cubic  metre  of  any  other  gas  as  much  more 
less  than  one  kilogramme  as  its  specific  gravity  is  greater  or 
SB  than  1.  In  other  words,  the  number  which  stands  for  the 
ecific  gravity  also  expresses  the  weight  of  one  cubic  metre 
ider.tbe  above  conditions  of  temperature  and  pressure.  Now, 
Dce  the  quantity  of  heat  required  to  raise  the  temperature  of 
ly  mass  of  matter  from  0**  to  1**  may  be  found  by  multiplying 
ic  specific  heat  of  the  substance  by  its  weight  (232),  it  is  evi- 
fsai  that  we  can  find  the  quantity  of  heat  required  to  raise  from 
*  to  1**  tlie  temperature  of  one  cubic  metre  of  any  gas  under 
he  pressure  of  68.76  cm.,  by  multiplying  togetlicr  the  specific 
•at  of  the  gas  and  the  number  representing  its  specific  gravity, 
for  example,  the  specific  heat  of  hydrogen  is  3.4046,  and  its 
(ecific  gravity  0.0692.  The  product  of  these  two  numbers 
ifiuils  0.2366,  which  is  the  fractional  part  of  a  unit  of  heat 
Quired  to  raise  the  temperature  of  one  cubic  metre  of  hydro- 
^  measured  under  a  pressure  of  68.75  cm.,  from  0**  to  1"*. 
I  like  manner  all  the  numbers  in  the  column  of  the  last  table 
'Wed  "  Specific  Heat  by  Volume "  were  obtained.  These 
^bers  evidently  represent  the  relative  quantities  of  heat  re- 
iitsd  to  raise  the  temperature  of  equal  volumes  of  different 
^es  from  0**  to  1**,  and  the  absolute  number  of  units  of  heat 
luired  to  raise  the  temperature  of  one  cubic  metre  of  the  dif- 
>ent  gases  measured  imder  a  pressure  of  68.76  c.  m.  from 
to  V. 
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By  comparing  the  numbers,  it  will  be  seen  that  the  wptof^ 
heats  by  volume  of  the  Euaple  gases  differ  but  sli^tlj  from  eaek 
other.  Indeed,  the  difijannee  is  so  small,  that  some  ezperimoD^ 
ers  have  concluded  that  the  specific  heats  of  all  the  simple  gaaes 
are  the  same.  The  results  of  Begnault  do  not  confirm  tUb 
theory ;  for  although  the  specific  heats  by  volume  of  oxygo^ 
nitrogen,  and  hydrogen  are  by  his  determinations  veiy  neailj 
equal,  those  of  chlorine  and  bromine  are  much  greater  than  the 
rest,  although  equal  to  each  other.  These  dififerences,  moreover, 
are  too  large  to  be  accounted  for  by  errors  of  observation,  and 
probably  depend  on  inherent  qualities  of  the  gases  themselves. 

(237.)  ^cific  Heat  of  Gases  under  Constant  Vobme. --li   ! 
was  stated  in  (284),  that  a  portion  of  the  quantity  of  heat  n-   ] 
quired  to  raise  the  temperature  of  a  given  mass  of  matter  one   | 
degree  was  rendered  latent  in  producing  the  mechanical  eflfaet   | 
of  expansion,  and  that,  if  this  expansion  could  be  prevented,  tto  ! 
same  quantity  of  heat  would  probably  cause  tlie  same  eleyatum  I 
of  temperature  at  all  parts  of  the  thermometer-scale.    In  the  j 
case  of  solids  and  liquids  it  is  evidently  impossible  to  verify  tluB   i 
theory,  since  they  expand  with  an  irresistible  force.    We  do  not  ! 
meet  with  the  same  difiSculty  in  the  case  of  gases.    They  are 
easily  compressed,  so  that  their  volume  can  be  kept  constant 
by  enclosing  them  in  an  unyielding  vessel ;  and  we  should  there- 
fore naturally  expect  to  be  able  to  put  our  theory  to  the  test  of 
experiment.     Now  it  is  a  perfectly  well-known  fact,  that  a  ce^ 
tain  amount  of  heat  is  rendered  latent  in  producing  the  expansion 
of  a  given  mass  of  gas,  and  that,  on  condensing  the  gas  to  its 
original  volume,  the  same  amount  of  heat  is  set  free.    Indeed, 
the  temperature  of  a  confined  mass  of  air  can  be  raised  by  sudden 
mechanical  condensation  sufficiently  high  to  ignite  tinder. 

If  we  could  measure,  then,  the  quantity  of  heat  set  bee  by 
mechanical  condensation,  wc  should  be  able  to  determine  the  J 
quantity  absorbed  during  the  equivalent  expansion ;  and  siijofl  J 
wc  know  the  quantity  of  heat  required  to  raise  the  temperature 
of  one  kilogramme  of  gas  from  0"*  to  1**  when  allowed  to  expand 
freely,  we  should  be  able  to  determine  the  quantity  of  heat  re- 
quired to  raise  its  temperature  from  0"*  to  1**  when  confined  ani 
not  allowed  to  expand,  by  simply  subtracting  the  amount  al^ 
sorbed  during  expansion. 

It  has  been  stated  that  at  0"*,  and  under  a  pressure  of  68.76 
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m.,  one  cubic  metre  of  air  weighs  one  kilogramyie ;  and  it  has 
yen  shown  that,  in  order  to  raise  the  temperature  of  this  mass 
^  air  one  degree,  (the  pressure  remaining  the  same,)  we  must 
ipart  to  it  0.2377  unit  of  heat.  But  it  is  also  true  that,  in 
insequence  of  the  increase  of  temperature,  the  volume  of  the 
le  kilogramme  has  increased  ^1^,  that  is,  from  1  to  1.^|3  cubic 
letres  (216).  Know,  by  increasing  the  pressure,  we  condense 
le  gas  to  its  initial  volume  of  one  cubic  metre,  a  certain  amount 
r  heat  will  be  set  free,  sufficient,  as  we  will  assume,  to  raise  the 
kmperature  of  the  kilogramme  of  air  from  1^  to  1^.42.  This 
lows  that  although  0.2377  unit  of  heat  will  raise  the  tempera- 
ire  of  one  kilogramme  of  air  only  one  degree,  when  allowed  to 
ipand  under  a  constant  pressure j  it  will  raise  the  temperature 
f  the  same  mass  of  air  1^.42  when  confined  and  preserving  a 
onstant  volume.  If,  then,  0.2377  unit  of  heat  will  raise  the 
mperatare  of  one  kilogramme  of  air  1^.42,  it  is  easy  to  calcu- 
ita  how  much  will  be  required  to  raise  its  temperature  one  de- 
xee  by  means  of  the  proportion  1.42 : 1  =  0.2377  :  x  =  0.1674. 
las  quantity  is  the  specific  heat  of  air  under  constant  volume, 
nd  the  difference  between  0.1674  and  0.2377,  or  0.0703  imit,  is 
he  amount  of  heat  rendered  latent  in  producuig  the  expansion 
rben  the  air  is  under  constant  pressure. 

It  is  evident  from  the  above  illustration,  that,  if  we  represent 
7  8  the  specific  heat  of  a  gas  under  constant  pressure,  and  by  t 
he  small  increase  of  temperature  which  a  mass  of  gas  undergoes 
vhen  condensed  j}^  of  its  volume,  we  can  always  calculate  the 
ipecific  heat  under  constant  volume,  or  /S',  by  the  proportion 
1+  /  :  1  =  S :  S\  which  gives  for  the  value  of  S', 

s'  =  r^ .  [160.] 

An  obvious  method  of  determining  experimentally  the  specific 
^  of  a  gas  uud6r  constant  volume  would  then  be  to  condense 
ks  gas  by  mechanical  means,  and  observe  the  increase  of  tem- 
Mature.  Such  experiments  have  been  made,  but  the  results 
Ife  been  in  all  cases  erroneous,  in  consequence  of  the  unavoid- 
lie  loss  of  heat,  which  was  absorbed  by  the  walls  of  the  con- 
inmg  yessel.  —  In  like  manner,  when  we  attempt  to  determine 
e  specific  heat  of  gases  under  constant  volume  by  other  direct 
etfaods,  we  are  met  at  once  by  practical  difficulties  of  a  similar 
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kind,  and  no  prfoess  has  as  yet  been  discovered  which  w 
accurate  results.    We  are  therefore  obliged  to  resort  to  i 
methods;  and  fortonatelj  such  a  method  is  furnished 
principles  of  acoustics. 

By  analyzing  the  condition  of  an  elastic  fluid  during  the 
mission  of  a  sonorous  wave,  Newton  obtained,  for  ihe  value 
velocity  of  sound  in  any  gas,  the  expression 


-    I ^• 


in  which  g  represents  the  intensity  of  gravity,  H  the  hei 
the  barometer,  and  d  the  specific  gravity  of  the  gas  refer 
mercury  as  unity.  This  formula  gives  for  the  velocity  of 
in  dry  air,  at  0^  and  when  Hs=s76  c.  m.,  the  value  b  = 
metres,  wliich  is  less  than  832.25  metres,  the  true  value  as 
tained  by  experiment,  by  over  one  sixth  of  the  whole.  The 
of  this  great  discrepancy  between  the  observed  and  calc 
velocity  remained  for  a  long  time  unexplained,  until  L 
showed  that  the  alternate  expansion  and  contraction  < 
elastic  fluid,  constituting  the  sound-wave,  must  produce  a  c 
of  temperature,  which  would  increase  the  velocity  of  the 
mission  of  the  wave  itself.    In  order  to  take  into  accou 

efiect  thus  produced,  Laplace  multiplied  the  quantity  g  . 

the  formula  of  Newton  by  the  quotient  -^,  obtained  by  di 

the  specific  heat  of  the  gas  under  constant  pressure  by  tli 
cific  heat  under  constant  volume.  As  thus  corrected,  the  fo 
of  Newton  becomes 


u  \         B     S 


By  transformation,  we  easily  obtain  from  this  equation  tl 
pression, 

by  which  we  can  calculate  the  specific  heat  of  a  gas  unde: 
stant  volume,  when  the  velocity  of  sound  in  the  mediiui 
the  other  constants  are  known.  Now  the  velocity  of  sou 
air  has  been  several  times  careftilly  determined  by  direct  € 
ment,  and  is  probably  known  within  a  metre  ;  and  starting 


HEAT* 


483 


le  velocity  in  air,  the  science  of  acoustics  furnishes  the  means 
r  determining  the  velocity  in  other  gases.  Thus  it  is  that  we 
ave  been  able  to  determine  some  of  the  most  refined  data  con- 
ected  with  the  thermal  condition  of  matter,  by  means  of  phe- 
omena  which  at  first  sight  seem  entirely  independent  of  the 
ction  of  heat. 
The  specific  heat  under  constant  volume  of  several  gases,  as 
etermined  by  Dulong  by  means  of  the  method  just  described, 
3  pven  in  the  second  column  of  the  following  table ;  but  these 
"alues  must  be  regarded  as  only  approximations.  The  corre- 
ponding  values  of  specific  heat  under  constant  pressure  are 
pven  in  the  first  column,  repeated  fi*om  the  table  on  page  472, 
br  the  sake  of  comparison.  Tlie  third  column  shows  the  differ- 
mce  between  the  specific  heat  under  the  two  circumstances,  and 
the  last  gives  the  value  of  1  -j-  ^  in  formula  [160]. 

Specific  Heat  of  Equcd  Volumes, 


RnMOfOu. 

Under  CoD- 

stant  Pressure. 

& 

Under  Con- 
stant Yolome. 
9. 

Difference. 

1  +  1. 

Air. 

Oxjgen, 

Hjdiog6ii|  .... 
Oxide  of  Carbon,   . 
Carbonic  Acid,  . 
Oleiiant  Gas,  . 

0.2377 
0.2412 
0.2356 
0.2399 
0.330S 
0.3572 

0.1678* 

0.1705 

0.1675 

0.1681 

0.2472 

0.2880 

0.0704 
0.0707 
0.0681 
0.0718 
0.0836 
0.0692 

1.42! 
1.415 
1.407 
1.428 
1.338 
1.240 

The  numbers  in  the  first  column  of  the  above  table  repre- 
8eat  the  fractional  part  of  one  unit  of  heat  required  to  raise  the 
temperature  of  one  cubic  metre  of  each  gas  (measured  under 
fc  pressure  of  5j8.75  c.  m.)  from  0"*  to  1"*,  the  pressure  rcmain- 
iig  constant,  the  gas  being  allowed  to  expand  freely,  and  in- 
leasing  in  volume  ^\^  of  a  cubic  metre.  The  numbers  in  the 
dcond  column  represent  the  corresponding  quantity  of  heat 
Quired  when  the  volume  is  kept  constant  by  increasing  the 
ressure.  Tlie  difference  of  these  quantities,  or  iS —  S',  is,  then, 
lie  quantity  of  heat  absorbed  by  one  cubic  metre  of  each  gas, 
leasured  as  above  described,  in  expanding  ^^^  of  its  initial 
olome. 

^  Bj  asiiig  the  more  recently  determined  constants,  we  shoald  obtain,  for  the  valae 
r^',  0.1678,  and  for  I  +  <  the  valae  1.417. 
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By  comparing  the  qnantity  of  heat  thus  readeied  lateot  ia 
the  case  of  air  with  that  which  remains  free,  and  conseqnentlr 
raises  the  temperature  of  tlie  gas,  it  will  be  found  that  tbej  stand 
to  each  other  very  nearly  in  tlie  proportion  of  2  to  5.  Hence,  of 
f-evcn  units  of  heat  imparted  to  a  mass  of  free  air  for  tlic  pu^ 
iwse  of  increasing  its  temperature, —  as,  for  example,  in  wanning 
tiie  air  of  a  room, —  two  units  are  absorbed  in  expanding  the 
air,  so  that  the  elevation  of  temperature  results  entirely  from 
.  the  remaining  five. 

By  comparing  the  values  of  S —  S',  it  will  be  noticed  that  tlie 
qiiantity  of  heat  absorbed  by  equal  vohimea  of  these  different 
gases,  in  expanding  to  an  equal  extent,  is  very  nearly  I  lie  same 
in  all  cases.  Dulong  has  verified  this  principle  in  the  case  uf  i 
large  number  of  gases  not  included  in  tlie  above  table,  atid  lus 
stated  the  law  in  tlia  following  simple  terras  :  — 

1.  Equal  volumes  of  all  gasei,  measured  at  tkc  same  ten^ma- 
ture  and  pressure,  set  free  or  absorb  the  same  f/uartlUy  of  leal 
wken  they  are  compressed  or  expanded  the  same  fraclionatftrl 
of  their  volume. 

If  the  specific  heat  of  the  gases  were  all  equal,  the  mne 
cliango  of  volume,  and  consequently  the  same  absorptioo  or 
libcrulion  of  heat,  would  cause  the  same  change  of  tempi?ranm'. 
Tills,  however,  is  not  the  case,  except  with  oxygen,  hydro^'i'n,  auJ 
nitrogen.  The  specific  heats  of  the  compound  gases  dillir  h.'^t 
considerably  from  each  other,  and  the  change  of  tcmfHTJiuw 
caused  hy  the  same  change  of  volume  is  smaller  in  proportion  n 
the  specific  hoat  of  the  gas  is  greater.  Hence  the  seconil  b^'cf 
Dulong,  which  sliould  be  read  hi  connection  with  the  first. 

2.  The  variations  of  temperature  which  result  are  in  tht  it- 
verse  ratio  of  the  specific  heats  under  constant  volume. 

Whether  these  empirical  laws  of  Dulong  are  the  exact  eipw- 
sioiis  of  the  truth,  or  whether  they  are  merely  close  approiin* 
tions,  remains  yet  to  be  ascertained  by  further  investigation. 

(liiW.")  Mechanical  E^j/im^eiKo/Zfrc/.  — The  doctriiu' oflK 
coiiscrviUion  of  the  pliysical  forces  has  furnished,  thro:iL.'fi  '^ 
iuvi'stigii tions  of  Joule  on  the  mechanical  equivalent  of  !'«'■* 
niosl  reiniirkalile  confirmation  of  the  results  of  the  last  si'ii''^ 
Afoiuding  to  tliis  doctrine,  there  is  an  exact  equivalency  of  «* 
mid  etTi'ct  lictwcon  all  the  forces  of  nature.  Thus,  in  the  o< 
of  bi'at,  it  would  assume  that  a  given  mechanical  el 
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I  circumstances,  be  accompanied  by  tlie  absorption  of 
amount  of  heat ;  and  conversely,  that  the  same  quantity 
;hould,  under  all  conditions,  do  the  same  amount  of 
al  work  —  for  example,  should  raise  a  given  weight 
the  same  height  —  in  whatever  way  it  may  be  applied. 
a  well-known  fact,  that  friction  is,  under  all  circum- 
attended  with  evolution  of  heat.  Now,  since  friction 
s  the  expenditure  of  force,  it  follows  that  the  quantity 
ivolved  by  friction  is  the  equivalent  of  the  mechanical 
)ended  in  overcoming  it.  Joule  was  therefore  able  to 
echanical  equivalent  of  heat,  by  measuring  the  quantity 
of  heat  generated  by  friction,  and  comparing 
this  with  the  power  (42)  expended  in  over- 
coming the  friction.  The  heat  was  generated 
by  the  friction  of  water,  and  the  apparatus  he 
used  for  the  purpose  is  represented  in  Fig. 
365.  It  consisted  of  a  brass  paddle-wheel, 
furnished  with  eight  sets  of  revolving  arms, 
working  between  four  sets  of  stationary  vanes 
affixed  to  a  framework,  also  of  sheet-brass. 
Tliis  frame  fitted  firmly  into  a  copper  vessel 
containing  from  six  to  seven  kilogrammes  of 
u  tlie  lid  of  tlie  vessel  there  were  two  necks,  the  first  for 
to  revolve  in  without  touching,  the  second  for  the  inser- 
lie  thermometer.     The  paddle-wheel  was  set  in  motion 


Fig.  366. 

of  two  weights  connected  with  its  axis  by  a  system  of 

1  pulleys,  as  represented  in  Fig.  366.     In  making  the 

Qts,  the  weights  were  wound  up  by  means  of  tlie  handle 

5d  to  the  wooden  cylinder  v  5,  and  after  observing  the 
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i^zz.z^Txzn^  of  the  water  in  the  vessel,  the  cylinder  was  fixed  to 

:..T  JuLi^  of  (he  raddle,  which  was  then  made  to  revolre  by  the  M 

*.(  i:.e  weights  lo  the  floor  of  the  laboratory,  causing  a  firictioi 

aiTAinn  the  water  in  the  vessel.     The  cylinder  was  then  remo^ 

•  iTjsi  the  axis,  the  weights  wound  up  again,  and  the  friction  re* 

neweti.     Af:er  tliis  had  been  repeated  twenty  times,  the  experi- 

m^nt  was  ci>iicluded  with  another  observadou  of  the  temperature 

of  :he  water.     The  mean  temperature  of  the  laboratory  was 

detrrrmined  by  observations  made  at  the  be^nning,  middle,  and 

end  of  the  experiment,  and  the  quantity  of  heat  which  the  vessd 

lost  hv  radiation  and  other  causes  was  determined  in  every  case 

by  moans  of  a  M>cond  experiment,  made  under  precisely  the  same 

circumstances  as  the  first,  with  the  apparatus  at  rest.    It  was 

then  easy  to  ealoulato,  by  means  of  [159],  the  number  of  units 

of  heat  develojKHl  by  tlie  friction  of  the  water,  since  the  weights 

of  the  copper  vessel,  of  the  brass  paddle  and  frame,  and  of  tiie 

water,  as  well  as  their  several  capacities  for  heat,  and  the  increase 

of  temperature  caused  by  the  friction  of  the  particles  of  water, 

were  known.     This  quantity  of  heat  was,  then,  evidently  tbe 

equivalent  of  the   mechanical   force  expended   in   moving  the 

paddles   and   overcoming   the   friction.      In   order   to  estimate 

the  nieclianical  force  thus  expended,  the  value  of  the  weights, 

the   height   throuirh  wliich   tlicy  fell,   and   the   velocity  of  the 

fall,  were  aeeuratelv  measured. 

In  one  series  of  experiments,  the  value  of  the  weights  was 
400,152  grains,  the  total  fall  in  inches  1,200.2-48,  and  there 
loeity  2.42  inches  per  second.  The  weight,  starting  from  tlie  state 
of  rest,  soon  acquired  the  velocity  of  2.42  inches,  and  afterwards 
moved  witli  a  uniform  motion  until  it  reached  the  ground,  where 
the  velocity  was  destroyed.  During  the  uniform  motion,  it  is 
evident  that  the  intensity  of  the  force  of  gravity  acting  on  the 
w(M<rlits  was  entirely  expended  in  overcoming  the  friction  of  tbe 
watfn*  (42)  ;  l)ut  before  the  motion  became  uniform,  a  portion 
of  the  force  was  expended  in  imparting  velocity  to  the  weif^bts. 
The  whole  mechanical  power  expended  in  overcoming  the  fric- 
tion of  the  water,  and  thus  generating  heat,  is  then  the  power  gen- 
erated by  the  force  of  gravity  acting  on  the  mass  of  tlie  weights 
tliroufrh  the  whole  distance  fallen,  less  the  power  generated  by  , 
the  same  force  acting  through  the  distance  required  to  impart 
a  velocity  of  2.42  inches.     By  [0],  we  find  that  a  fall  through 
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•0076  of  an  inch  would  impart  a  velocity  of  2.42 ;  and  since  the 
reights  were  wound  up  twenty  times  in  each  experiment,  a  fall 
brough  twenty  times  0.0076,  or  0.152  inch,  would  represent 
be  entire  loss  due  to  the  increase  of  velocity.  Hence  the  me- 
iMMrii<*^1  power  expended  in  overcoming  the  friction  of  the  water 
ras  a  force  having  the  intensity  of  406,152  grains,  actuig  through 
1,260.096  inches.     Compare  (63). 

We  have  assumed,  in  tliis  estimate,  that  the  intensity  of  the 
broe  of  gravity  was  entirely  expended  in  overcoming  the  friction 
if  the  whole ;  but  this  was  not  tlie  case,  for  a  portion  of  the  force 
vas  used  in  overcoming  the  friction  of  the  pulleys  and  the  rigid- 
ly of  the  cord.  This  was  ascertained  by  a  separate  experiment, 
in  which  the  pulleys  and  cord  were  disconnected  from  the  paddle- 
liieel,  to  be  equal  to  2,887  grains  acting  during  the  whole  time, 
which,  deducted  from  the  value  of  tlie  weights,  gives  403,315 
grains  for  tlie  actual  force  overcome  hj  the  friction.  This 
force,  acting  through  1,260.096  inches,  is  equivalent  to  a  force  ef 
^050.186  pounds  acting  through  one  foot,  or,  using  the  technical 
npression,  to  6,050.186  foot-pounds.  But  in  order  to  obtain  the 
ikole  power  overcome  by  the  friction,  we  must  add  to  this  amount 
16.928  foot-poimds  for  the  force  developed  by  the  elasticity  of 
fte  string  after  the  weights  touched  the  ground,  making  the 
^ole  mechanical  force  expended  in  overcoming  friction,  and 
ihus  developing  heat,  equal  to  6,067.114  foot-pounds,  as  the  mean 
f  all  the  experiments  of  the  series.  The  same  series  of  experi- 
ments gave,  for  the  mean  value  of  the  quantity  of  heat  evolved, 
.842299  EngUsh  units  ;  *  and  hence,  ^^^  =  773.64  foot^ 
ounds  will  be  the.  force  which  is  equivalent  to  one  English 
nit  of  heat. 

In  these  experiments  a  portion  of  the  force  is  used  in  over- 
miing  the  resistance  of  the  air,  and,  making  the  correction 
eceesary  to  reduce  the  results  to  a  vacuimi,  and  omitting  the 
■action,  we  get  772  foot-pounds  as  the  mechanical  equivalent, 
liich  Joule  regards  as  the  most  probable  value.  Similar  experi- 
lents,  in  which  the  friction  was  produced  by  an  iron  paddle- 
iieel  revolving  in  mercury,  and  others,  in  which  it  was  produced 
J  two  cast-iron  wheels,  gave  for  the  mechanical  equivalent  of  heat 
74  foot-pounds,  —  a  number  wliich  is  surprisingly  near  the  first. 

*  The  English  unit  of  heat  is  the  quantity  of  heat  required  to  raise  one  avoirdupois 
xuul  of  water  one  Fahrenheit  degree  between  5S^  and  60^. 
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Wi»  hare  eren  die  abore  calculation  in  English  weights  and 
mcamj?LK>  biseaiise  i(  is  so  given  in  the  original  memoir,*  te 
Ytiicii  w^  woold  r«ler  (or  farther  details.  In  the  French  system, 
:iift!«  r*<ai&  correspond  to  423  and  424  kUogramme-metra, 
•ir.  in  •Kfh?r  words,  the  unit  of  heat  is  equivalent  to  a  force  d 
4:3  kSf.'^runmies  acting  through  one  metre. 

Lfc  !i5  now  see  in  what  waj  these  results  of  Joule  confinn 
:ai>«  <c&3ed  in  the  last  section.  It  will  be  remembered  that  the 
▼:il~i»f  oc  che  scecific  heal  of  air  under  constant  volume  was  de- 
'rL».v«i  fr».Hn  tfie  velocirr  erf  sound.     This  value  furnishes  us  with 

m 

ill  ±e  «iica  required  for  calcidating  the  mechanical  equiTsIeot 
<jr  aeii^ :  and  if  the  doctrine  of  the  conservation  of  forces  is  ox- 
reec  the  ei]uiv:ilenl  calculated  from  the  velocity  of  sound  ought 
x^  i;£r<fe  with  that  determined  hj  Joule  from  his  experiments  o& 
frA'dt^a.  Such  an  agreement  would  not  only  confirm  the  Talue 
wbica  has  been  assigned  to  the  specific  heat  of  air,  but  it  would 
aj^o  >f£id  to  confirm  the  doctrine  in  question. 

Lf  c  us  suppose  that  we  have  a  cylinder,  the  area  of  whose  base 

^:/juiL<  1  cTii.'*  filled  to  the  height  of  273  c.  m.  with  air  at  0°  aod 

•jLzcer  a  pressure  of  76  c.  m.     By  Table  II.  the  weight  of  this 

rsjLs?  of  air  would  be  equal  to  0.3581  gramme.     If  we  raise  the 

;cr.:>:*rir.ire  of  this  air  from  0**  to  1"*,  it  will  expand  jh  of  its 

^;"-.:n:-\  aiid  will  rise  in  the  cylinder  one  centimetre,  thus  lift- 

::  c  :::-v^  woiirht  of  the  atmosphere  on  the  base  of  the  cylinder  — 

l,'s>^.;>  iT'tunmos — tlirough  this  distance.    The  quantity  of  heat 

r;^  uirvM  to  raise  the  temperature  of  0.3527  gramme  of  air  from 

C-  ":.^  1-^  is,  by  ^^236),  equal  to  0.3527  X  0.000237,  or  0.0000836 

u:;::,      !>'  this  amount,  a  part  only  is  consumed  in  expanding 

I'.o  ;\:r.  ;ho  ivst  remaining  free  and  increasing  the  temperature 

o:'  :!.o  mass  of  gas.     By  (237),  the  part  wliich  docs  the  mechan- 

ioal  work  is  i\]ual  to  the  difference  between  the  specific  boat  under 

oo!, Slant  pressure  and  the  specific  heat  under  coubtunt  voluiuc. 

Hoiico.  ill  the  present  case,  it  is  equal  to  [160] 

0jhHH>8;^^  —  (0.0000836  -r-  1.417)  =  0.0000246  unit  of  heat 

It  follows,  then,  tliat  in  the  expansion  of  air  0.0000246  unit  of 
boat  will  raise  1,033.3  grammes  one  centunetre,  or,  what  is  quit-    i 
alont  to  this,  one  unit  of  heat  will  raise  419  kilogrammes  oue    1 

•  Philosophical  Transactions,  London,  1850,  Pfcrt  I.  p.  61. 
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inetre.  The  difference  between  this  value  of  the  mechanical 
Bquivalent  of  heat  and  that  obtained  by  Joule  (423  kilogramme- 
metres)  is  yerj  small,  considering  the  entirely  heterogeneous 
data  which  enter  into  the  calculation. 

Assuming,  then,  that  the  doctruie  of  the  mechanical  equiva- 
leucy  of  heat  is  established,  it  follows  that  the  law  of  Dulong 
(8ST)  holds  in  all  cases  where  the  same  mechanical  power,  act* 
ing  on  equal  volumes  of  different  gases,  causes  the  same  amount 
of  condensation.    But,  as  we  have  seen,  this  is  not  always  the 
case ;  hence  the  law  of  Dulong  must  be  subject  to  the  same  limi- 
tation as  that  of  Mariotte  (165).    Indeed,  the  law  of  Dulong  is 
iKobably  only  an  imperfect  expression  of  the  mechanical  equiva- 
lency of  heat,  and  is  true  so  far  as  the  same  expansion  or  com- 

fression  represents  the  same  amount  of  mechanical  work. 

« 

PROBLEMS. 

Specific  Heat. 

291.  How  much  heat  is  required  to  raise  the  temperature  of 

500  kilogrammes  of  water      from        4^  C.  to  94^  ? 

S35          •'         "        sulphur     "         20R       "  100°  1 

336          "         "        charcoal    "           5®       "  500°  1 

9.467  grammes  of       alcohol      "           3o      "  200? 

10.234          "         "        ether         "     — 20O       "  130? 

292.  Calculate  the  quantity  of  heat  which  is  required  to  raise  the  tem- 
Poratare  of  the  weight  of  the  different  elements  represented  by  their  chem- 
ioal  equivalents  one  degree. 

298.  The  following  quantities  of  water  were  mixed  together :  — 

S  kilogrammes  of  water  at  10^  C, 

5  "  "  "        30O, 

6  "  **  "        20<>, 

7  "  "  "        120. 

^bal  was  the  temperature  of  the  mixture  ? 

294.  The  quantities  of  water  Wx^w^^w^^w^y  at  the  respective  tempera- 
tttres  of  <!**,  i^y  t^j  U^9  were  mixed  together.  What  was  the  tempera- 
ture of  the  mixture  ? 

295.  How  much  water  at  99^  and  how  much  water  at  11^  must  be 
Mixed  together,  in  order  to  obtain  20  kilogrammes  of  water  at  80°  ? 

296.  Determine  the  temperature  of  a  mixture  of  one  kilogramme  of 
'Vnter  at  100°  and  one  kilogranmie  of  mercury  at  0°  ;  also  of  one  kilo- 
Cnmme  of  mercury  at  100°  and  one  kilogramme  of  water  at  0°. 

297.  How  many  kilogrammes  of  mercury  at  100°  must  be  added  to  one 
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kilognynmeof  wmter  at  0^  in  order  thai  the  temperatare  of  the  mixtiif 
may  be  50^  ?  Abo,  how  mudi  water  at  100®  must  be  added  to  one  kib* 
gnunme  of  mercuiy  at  0®  to  raise  its  temperature  to  50®  ? 

298.  Equal  volumes  of  mercurj  at  100®  and  water  at  0®  are  mixed 
together.     Required  the  temperature  of  the  mixture. 

299.  A  mass  of  matter  weighing  6.17  kilogrammes  at  the  tempenton 
of  80®  is  mixed  with  25.45  kilogrammes  of  water  at  the  temperature  of 
12® .5.  The  mixture  is  found  to  have  the  temperature  of  14®.17.  Wiutt 
is  the  specific  heat  of  the  body  ? 

300.  How  many  kilogrammes  of  gold  at  45®  would  be  required  to  nise 
the  temperature  of  1,000  grammes  of  water  from  12® .3  to  15^7? 

301.  The  specific  heat  of  an  alloy  containing  one  equivalent  of  leid 
(103.6  parts)  and  one  equivalent  of  tin  (58.8  parts)  was  found  by  experi- 
ment to  be  0.0407.  How  does  this  value  correspond  with  that  which  naj 
be  calculated  on  the  assumption  that  the  alloy  is  a  mechanical  mixture  d 
the  two  metals  ? 

302.  The  specific  heat  of  sulphide  of  mercury  (Hg  S)  was  found  br 
experiment  to  be  0.0512.  How  does  this  value  agree  with  that  calculated 
on  the  assumption  made  in  the  last  problem  ? 

303.  A  piece  of  iron  weighing  20  grammes  at  the  temperature  of  98° 
is  dropped  into  a  glass  vessel  weighing  12  grammes,  and  containing  loO 
grammes  of  water  at  10®.  The  temperature  of  the  water  is  thus  rallied  to 
11®.29.  Required  the  specific  heat  of  iron,  knowing  that  the  specific  heit 
of  glass  is  0.19768.  I 

804.  The  weights  of  different  substances,  «?,,  tr,,  tr,,  V4,  at  the  re- 
spective temperatures  <|®,  <,®,  <,®,  ^4®,  and  having  the  respective  specific 
heats  01,02,^3,^4,  &i^  supposed  to  be  mixed  together.  Required  the tem- 
penitiire  of  the  mixture  in  terms  of  the  other  values. 

*M)i>.  Calculate  the  specific  heat  of  oil  of  turpentine  from  the  follow- 
ing data :  42.57  grammes  of  the  oil  at  83®.7  were  mixed  with  470i 
grammes  of  water  at  12®.23  ;  the  temperature  of  the  mixture  was  found 
to  be  13°.07 ;  the  oil  was  enclosed  in  a  glass  tube  weighing  5.25  grammes 
and  having  a  specific  heat  equal  to  0.177  ;  lastly,  the  water  was  contained 
in  a  copper  vessel  weighing  45.25  granmies,  and  having  a  specific  hot 
equal  to  0.095. 

306.  A  platinum  ball  weighing  150  grammes  is  heated  to  l,000^  and 
then  plunged  into  one  kilogramme  of  water  at  10®.  Afler  an  equilibrium 
is  established,  how  high  is  the  temperature  of  the  water,  assuming  that 
the  water  receives  all  the  heat  which  the  platinum  ball  loses?  If  the 
water  is  contained  in  a  brass  vessel  weighing  200  grammes,  how  high 
would  be  the  temperature  of  the  water  ? 

307.  A  platinum  ball  weighing  100  grammes,  after  bavin?  been  ex- 
(xised  for  some  time  to  the  heat  of  a  furnace,  is  thrown  into  a  brass  Teeel 
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eofilmiing  750  grammes  of  water  at  5°.  The  weight  of  the  braas 
■moanted  to  150  grammes,  and  the  temperature  of  the  water  filler  the 
equilibrium  was  established  to  15^.  What  was  the  temperature  of  the 
fbmace,  assuming  that  no  heat  was  lost  from  the  vessel  and  water  during 
the  experiment? 

d08.  How  much  heat  is  required  to  raise  the  temperature  of  one  cubic 
metre  each  of  air,  oxjgen,  carbonic  acid,  and  hydrogen  from  0^  to  15^,  as- 
Mmiing  that  the  gas  is  allowed  to  expand  freely,  and  that  the  pressure  is 
eonstant  at  76  cm. 

809.  A  room  measures  7  metres  by  6  on  the  floor,  and  is  4  metres  high. 
How  much  heat  is  required  to  raise  the  temperature  of  the  air  in  that 
room  from  5^  to  18^  when  the  barometer  stands  at  76  c  m.  ?  How  much 
kit  is  lost  in  expanding  the  air  of  the  room  ? 

810.  How  much  heat  would  be  required  to  raise  1,000  kilogrammes  of 
nter  100  metres,  if  the  full  effect  of  the  heat  were  realized  ? 


EXPANSION. 

(239.)  Coefficient  of  Expansion.  —  It  has  already  been  stated 
(216)  that  the  first  efiect  of  heat  on  matter,  in  either  of  its  three 
states,  is  to  expand  it ;  and  we  have  also  examined  the  most 
important  means  Ky  which  the  effects  of  expansion  are  used  as  a 
xncasure  of  temperature.  We  will  now  study  the  phenomena  of 
Sponsion  more  in  detail ;  but,  first,  we  will  establish  a  few  for- 
mulae by  which  Uio  amount  of  expansion  can  be,  in  any  case, 
readily  calculated. 

Linear  Expansion.  —  The  small  fraction  of  its  length  by 
which  a  rod  of  iron,  or  of  any  other  solid,  one  metre  long, 
expands,  when  heated  from  C*  to  1"*,  is  called  the  Coefficient  of 
Linear  Expansion  of  the  solid.  A  bar  of  iron  one  metre  long  at 
<»•  becomes  1.0000122  at  1%  and  the  small  fraction  0.0000122  is 
the  cocfiicient  of  linear  expansion  of  iron.  If  we  assume  that 
the  expansion  is  proportional  to  the  temperature,  then  a  bar  of 
iron  one  metre  long  at  0®  becomes  1.00122  metres  long  at 
100*,  1.00244  at  200%  1.0061  at  500%  etc.  Hence  a  bar  of 
iron  26.354  metres  long  at  0°  would  become  1.0061  X  26.354 
ms  26.515  at  600**.  To  make  the  solution  general,  let  /r  =  co- 
efficient of  expansion  ;  then  1  -|-  A:  =  increased  length  of  a  rod 
which  is  one  metre  long  at  0"*,  when  heated  to  l**,  and  (1  -f-/  Ar)  = 
increased  length  at  /**.     Hence  /  (1  -f-  /  A-)  =  increased  length  of 
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a  rod  at  f  which  is  /  metres  long  at  0**.  Bepreseiiting,  then,  by 
?,  this  increased  length,  we  have 

by  which  we  can  easily  calculate  the  length  of  a  rod  of  any 
metal  at  t^y  when  its  length  at  0''  and  its  coefficient  of  expansioa 
are  given.  The  coefficients  of  cx^jansion  of  the  solids  most  fre- 
quently used  in  the  arts  are  given  in  Table  XV.  - 

It  is  frequently  the  case  that  wo  do  not  know  the  length  of 
the  rod  at  0**,  but  only  at  some  other  temperature,  ^,  aod  it  is 
required  to  determine  the  length  at  a  second  temperature,/', 
'which  may  be  either  higher  or  lower  than  t.  To  obtain  a  formuk 
for  the  purpose,  denote  by  /  the  unknown  length  of  the  rod  at  0*, 
by  /'  the  known  length  at  /*,  and  by  /"  the  required  length  at  f*. 
We  have  then,  as  above, 

I' =  1(1  +  /  Ar),         and         r  =  /  (1  + 1' k). 

By  combining  these  equations,  we  obtain 

'"=  ''  (f+Tl)  =  ^  [1  +  A  r^-0  +  -fee]      [165.] 

All  tlie  terms  of  the  quotient  .after  the  first  may  be  neglected, 
because  they  contain  powers  of  the  already  very  small  fraction  k. 

We  have  assumed  that  the  expansion  of  solids  is  pro|)ortioiial 
to  the  temperature,  but  tliis  is  not  strictly  true ;  for  the  rate 
of  expansion  of  solids,  like  that  of  mercury  (219),  increases, 
although  but  very  slightly,  as  the  temperature  rises.  The  co- 
efficient of  expansion  is  not,  therefore,  absolutely  the  same  at 
all  parts  of  the  thcrnionieter-scalc  ;  but  the  diffijrence  is  so  small 
that  wc  can  neglect  it,  except  in  the  most  refined  investiga- 
tions, more  especially  if  we  use,  not  the  coefficient  obser^*ed  at 
any  particular  temperature,  but  a  mean  coefficient  obtained  by 
dividing  by  100  the  total  amount  of  expansion  between  0**  and 
100°,  l)y  which  means  we  average  the  error. 

Cubic  Expansion,  —  The  small  fraction  of  its  volume  by 
which  one  cubic  centimetre  of  a  solid,  liquid,  or  gas  increases 
when  heated  from  0°  to  1%  is  called  the  Coefficient  of  Cubic 
Expansion  of  tliat  substance.  The  coefficient  of  expansion  of 
mercury,  for  example,  is  0.00018  ;  that  is,  one  cubic  centimetre 
of  mercury  at  0°  becomes  1.00018  Z^?  at  V.     Assummg  then 
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liat  Uie  expansion  is  proportional  to  the  temperature,  we  obtain, 
>7  the  same  course  of  reasoning  as  above,  the  formula 

r'=r(l  +  tK);  [166.] 

by  which  the  increased  volume  (  F')  of  any  mass  of  matter  may 
be  calculated,  when  the  volume  at  0°  (  F),  the  temperature  (0? 
and  the  coefficient  of  cubic  expansion  (iC),  are  known.  In  like 
manner  we  easily  obtain  the  formula 

V"  =  F  [1  +  A'  (f  —  0],  [167.] 

▼hich  will  enable  us  to  calculate  the  volume  of  a  body  at  t""  from 
flie  volume  at  t°  and  the  coefficient  of  expansion. 

(240.)  The  Coefficient  of  Cubic  Expansion  is  three  times  as 
great  as  the  Coefficient  of  Linear  Expansion.  — The  truth  of  this 
simple  principle,  which  enables  us  to  calculate  one  coefficient 
^hen  the  other  is  given,  can  easily  be  proved.  For  this  purpose, 
let  us  suppose  that  we  have  a  cube  of  glass  measuring  one  cen- 
timetre on  each  edge  at  0° ;  and  let  us  inquire  what  will  be  its 
increased  volume  at  1®,  assuming  that  the  coefficient  of  linear 
^^pansion  is  known.  At  V  each  edge  of  this  glass  cube  will 
'>e  (1 4"  *)  c.  m.  long.  Hence  the  increased  volume  of  the  cube 
iriU  be  equal  to  (1  +  ky  =  1  +  S  k  +  S  k"  +  k" ;  but  as  A 
«  an  exceedingly  small  fraction,  h^  and  k'  may  be  neglected 
H  comparison  without  any  sensible  error,  so  that  the  volume 
>f  a  cube  of  glass  which  is  one  cubic  centimetre  at  0**  becomes 
^1  -}-  3 *)  cm.'  at  1®.  Since  by  [166]  the  volume  of  this  same 
mbe  at  1**  would  also  be  expressed  by  (1  -j-  -K^)  c.in.%  it  follows 
liat  jr=  3  Ar,  which  was  to  be  proved. 

(241.)  The  increased  capacity  of  a  hollow  vessel^  in  conse- 
fuence  of  the  expansion  of  its  wallj  may  be  found  by  calcvlat- 
big  the  increased  volume  of  a  solid  mass  of  the  same  substance 
Ufhich  would  just  fill  the  interior  of  the  vessel.  —  A  moment's 
reflection  will  show  the  truth  of  this  statement.  Let  the  hollow 
'Vessel  be  a  glass  globe,  and  let  us  conceive  of  it  as  filled  with  a 
solid  globe  of  glass.  If  this  mass  be  heated,  it  is  evident  that 
^e  glass  vessel  will  expand  just  as  if  it  formed  the  outside  shell 
«f  a  solid  globe  ;  the  same  must  be  true  when  the  interior  core  is 
iK)t  present. 

42 
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Expansion  of  Solids. 

(242.)  MeasMrememt  of  Linear  Expansion.  —  Tbe  earliest 
accurate  detennmations  of  the  coefficients  of  linear  expansion  of 
solids  vere  made  by  Lavoisier  and  Laplace  mtb  tbe  apparatm 
represented  in  perspective  hy  ¥ig.  367,  and  in  section  by  Fig.  368. 
This  apparatus  consisted  of  two  parts :  first,  of  a  copper  tank, 
in  which  a  bar  made  of  tlie  solid  whose  coefBcient  was  to  be 
determined  was  heated  to  a  uniform  temperature  by  immersing 
it  in  heated  oil  or  water ;  and,  secondly,  of  four  stone  posts  sap- 
poninf  an  ingenious  contrivance  for  measuring  the  increase  of 


nrsi. 
londh.  Tho  solid  bar.  about  two  metres  in  length,  rested  id  the 
tank  on  r\->Iiors,  with  one  end  bearing  against  an  upright  iramov- 
able  glass  l>ar,  f  ( *ee  Fig.  StlS").  finnly  fastened  by  cross-pieces  to 
the  two  sioiie  posts  on  the  left-hand  side  of  Fig.  367,  and  with 
the  other  end  liearius  against  the  lever,  D.     The  upper  end  of 
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this  lovor  w;is  aitaohod  to  a  horizontal  axis  turning  in  sockets 
iii'serted  ;:!!o  ;he  two  stone  pillare  on  the  right  of  Fig.  367,  tiA 
h.ivii!j:  ;i!  ,>:.o  e:;d  the  ieles«.'ope,  G.  adjusted  with  its  axis  perpen- 
i!;i",:Iar  to  the  lover  Z).  The  telescope  was  furnished  widi  » 
miiTviuoTor  e_vt^(.;(V.',  mid  as  it  was  turned  bv  the  expansion  of 
t!ie  lijir,  tV.e  orv>ss-w:res  moved  over  the  divisions  of  a  scale,  A  B, 
I'l.ie-Hl   •:•.  a  venioal  i-^isition  at  the  distance  of  fifty  metres  w 
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leiit. 


HBAT.  496 

The  apparatus  was  used  in  the  following  manner.    The  bar 
baying  been  placed  in  position,  the  tank  was  filled  with  ice-cold 
water,  and  the  observer  noted  the  division  of  the  scale  on  which 
fbe  cross-wire  of  the  telescope  was  projected.     The  cold  water 
was  then  withdrawn  by  a  stopcock,  and  its  place  supplied  with 
boiling  water.     The  temperature  soon  became  stationary  and 
WIS  ascertained  by  thermometers  placed  at  the  side  of  the  bar, 
when  the  observer  again  noted  the  division  on  the  scale  with 
iliich  the  cross-wire  of  the  telescope  coincided.     Knowing,  now, 
fte  distance  A  B  on  the  scale  over  which  the  cross-wire  had 
iDoved,  also  the  distance  il  G  of  the  scale  from  the  axis  of  ro- 
tation of  the  telescope,  and,  lastly,  the  length  of  the  lever  G  Jff, 
it  was  easy  to  determine  the  value  of  H  C,  the  elongation  of 
*  the  bar.     The  two  triangles  ABO   and  H C G  are    similar 
ty  construction,'  and  we  have  H  C  :  H  G  =-  A  B  :  A  G^  or 

Be  =  A  B  -T-Q'    Tlie  value  of  -j-^  depends,  evidently,  on 

fte  dimensions  of  the  apparatus.      In  that  used  by   Lavoisier 

A  B 
tnd  Laplace  it  was  about  f^,  so  that  HCsb=  ^j.,  and  hence 

•ny  error  in  the  measurement  oi  AB  was  divided  744  times  in 
the  result. 

The  length  of  the  bar  at  0®  being  known,  and  the  elongation 
Qnrresponding  to  an  observed  number  of  degrees  having  been 
itteasared  as  just  described,  it  was  easy  to  determine  the  coeflr- 
Cient  of  expansion  by  dividing  the  elongation  in  fractions  of  a 
xnetre  by  the  length  of  the  bar  in  metres  and  by  the  number  of 
degrees.  For  example,  let  us  suppose  that  the  length  of  the  bar 
lU  0®  was  1.786  m.,  and  that  the  elongation  corresponding  to  80** 
'Was  0.004  ;  the  coefficient  of  expansion  would  then  be  0.004  -*- 
0-786  X  80)  =  0.000028. 

Since  the  experiments  of  Lavoisier  and  Laplace,  the  linear 
Coefficient  of  expansion  of  glass  and  of  i\\b  metals  most  used  in 
"tbe  arts  has  been  redetermined  by  a  number  of  physicists,  and 
Widi  various  methods ;  but  as  these  methods  do  not  involve  the 
^H^^ti^^  ^^  ^^7  ^^^  principle,  it  is  not  important  to  describe 
ttein. 

(248.)  Determination  of  Coefficient  of  Cubic  Expansion.  — 
IVe  bare  already  seen  that  the  coefficient  of  cubic  expansion  is 
Hffee  times  that  of  linear  expansion,  so  that  the  cubic  expansion 
of  a  homogeneous  solid  can  always  be  easily  calculated  from  the 


la  MBBf  caaes,  howerer,  the  ooefficieiit  of 
be  neasored  with  more  neeanej  than  the 

best  to  lefene  ibe  oalcnlation.  The  ooefi- 
cient  of  cdbie  rT|MiMinn  of  aeferal  solids  can  be  determined  with 
great  aenuarr,  hf  means  of  a  fvooess  based  on  fhe  ^)parail 
npaawM  of  MCTiy,  which  wifl  be  described  in  (264),  Item 
abo  be  deSennined  m  die  fidkywing  manner  from  the  spedfie 
graTitf  of  Aeaolid  takea  al  diflerent  temperatures :  — 


Let  (%fik)  mmi  (^fi^.y  leiwent  the  qtedfic  gravifj  of  the  nlidi 

ihe  teapcraKm  I  mad  f  rapectiTdy.     Aho  let  IT  represent  dw 

of  d«  tofid  anB  and  is  ths  experiment,  V  the  volume  ti  (T, 

JT  the  limiw  uiefttiem  wUch  ne  wish  to  determine.    We  hvm 

then,  br  [166}.  fcr  tbe  mhone  cf  the  solid  bodj  at  1^  and  r%  the  Yibei 

F(lHh«iOaHl  F(l-|-f  jr);b]rsab6titatingthe6eTahiesin[55]«e 

obtain^  fiv  the  vahie  of  the  ^peeiie  gmrilj  at  the  two  tempenOnreii 

(^.Gr.)=  pp^j^,    .nd    i8p.Gr.y ^  jr^^- 

Combinnig  these  two  cquatioos,  and  redndn^  we  get  fixr  the  Tslne  of  As 
coeflkicnt  of  colne  expswdon, 

Kopp  has  determined,  hj  ihe  above  method,  the  coeffidoit 
of  cubic  expansion  of  a  number  of  solids,  and  his  results  are 
included  in  Table  XV. 

(244.)  General  Results.  —  By  examining  Table  XV,  it  will 
be  seen  that  the  increase  of  length  which  a  solid  bar  undergoes 
when  heated  from  0**  to  100"  is  at  most  very  small,  amoimting  in 
the  case  of  zinc,  the  most  expansible  of  all  solids  hitherto  ob- 
served, to  only  rfijf  of  the  length  at  zero.  The  diflerence,  how- 
ever, between  different  solids  is  very  great,  zinc  expanding  over 
three  times  as  much  as  glass  for  the  same  increase  of  tempo^ 
aturc. 

Tlic  relative  expansibility  of  solids  seems  to  be  more  neariy 
related  to  their  relative  compressibility  than  to  any  other  physictl 
<iuality ;  for  we  find,  as  a  general  rule,  that  tliose  metals  tn 
the  most  expansible  which  have  the  smallest  coefficients  of  dsfr 
t'<^ity  (101)  and  are  therefore  most  easily  compressed.  TMi 
fact    i8    shown    by   the  two    following   series,   in   which  Ihe 


HEAT.  497 

oietalB  ate  arranged  in  the  order  of  expansibility  and  compre&- 
dbHity  :  — 

Zmcy  Lead,  Tin,  Silver,  Grold,  Palladium,  Copper,  Platinum,  Steel,  Iron, 
Glass. 

Lead,  Tin,  Grdd,  Silver,  Zinc,  Palladium,  Platinum,  Copper,  Steel,  Iron, 
Glass. 

Although  these  two  series  are  not  perfectly  parallel,  they  are 
nfficiently  so  to  indicate  a  close  connection  between  the  two 
pioperties.  This  connection  is  also  seen  in  the  fact,  that  the 
diminution  of  the  coefficient  of  elasticity  with  the  increase  of 
temperature,  already  noticed  (101),  is  accompanied  with  a  cor- 
n^nding  increase  of  the  rate  of  expansion. 

The  increase  of  the  coefficient  of  expansion  between  0^  and 
iOO*  is  hardly  perceptible  in  solids ;  but  when  the  change  of 
temperature  amounts  to  several  himdred  degrees,  it  is  necessary 
to  take  account  of  it  in  delicate  physical  measurements.  This 
is  especially  the  case  with  the  glass  vessels  which  are  used  for 
itr  thermometers  or  in  determining  the  specific  gravity  of  va- 
lors ;  and  in  order  to  furnish  the  necessary  data  for  such  experi- 
iients,  Regnault  has  determined  the  mean  coefficients  of  cubic 
expansion  of  the  common  Paris  glass,  when  blown  into  hollow 
irare,  between  zero  and  different  temperatures.  His  results  are 
18  follows :  — 

Between  0^  and  100**         .         .        .  ^=0.0000  276. 

**        "        "  150  .        .        .  "     0.0000  284. 

«        "  200  ..."     0.0000291. 

«        "        "  250  .        .        .  «     0.0000  298. 

"     .  **        "  300  ..."    0.0000306. 

«*        «  "  850  .        .        .  «    0.0000  313. 

From  the  fact  that  the  rate  of  expansion  of  a  solid  increases 
itith  the  temperature,  we  should  naturally  infer  that  the  rate  for 
^y  given  solid  would  be  greatest  just  below  its  melting-point ; 
Ind  of  several  solids  taken  at  the  temperature  of  the  air,  we 
ftoold  expect,  other  things  being  equal,  that  those  would  be  the 
CBOBt  expansible  which  are  nearest  their  melting-points  at  this 
hSBiperature,  or,  in  other  words,  which  are  the  most  fusible. 
hns  we  find,  as  a  general  rule,  to  be  true ;  the  easily  ftisible 
Rdids,  like   zinc  and  lead,  being  more   expansible   than   the 
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difltenldy  fVifflble,  Uke  iron  and  pkfiBnm:  hot  flme  b  ^m 
means  a  perfect  paraDeliflm  between  die  order  of  fiuiliilitf  mi 
that  of  expansibility ;  nor  oog^t  we  to  expect  it,  far  diflerai 
metals  are  not  equally  expanable  at  tempentnres  e^ial^  dii* 
tant  from  their  melting-points. 

(245.)  Expansion  of  Orygtak.  —We  ham  UflieHD  assviMl 
that  solid  bodies  expand  equally  in  all  directiana,  and  tUn  ii 
true  of  all  homc^neous  sdids ;  bat  it  is  no*  neeeesarily  the  cm 
with  crystals.  Only  those  ciystals  iridch  bdong  to  the  Rq^ohr 
System  expand  equally  in  all  directioDa.  Thoee  bdoogiBg  It 
the  other  systems  expand  unequally  in  die  directioii  of  the  u- 
equal  axes.  This  inequality  in  the  expanakm  of  ajstals  in  lli 
directions  of  unequal  axes  can  be  leadiiy  detected,  becanse  ■ 
alteration  in  the  relative  length  of  the  axes  must  change  the  iBiB^ 
ladal  angles  of  the  crystal,  which  can  be  measured  with  gnit 
accuracy  (96).  Professor  Mitscherlieh,^  rf  Berlin,  who  hai  loj 
careftiUy  studied  this  subject,  found  that  the  interfrcial  an^rf 
all  crystals,  except  those  belonging  to  the  r^olar  aystem,  wen 
slighdy  aflfected  by  changes  of  temperature.  The  rliombohadnl 
angle  of  calc-spar,  for  example,  (page  ISO,)  Tariea  ei^t  sad  i 
half  minutes  between  the  freezing  and  boiling  points  of  watw. 
Indeed,  Mitscherlich  has  shown  that,  while  a  crystal  is  expandisg 
in  length  by  heat,  it  may  actually  be  contracting  in  another  di- 
mension. These  facfs  are  in  entire  harmony  with  the  principlei 
of  the  last  section ;  for,  since  the  elasticity  of  crystals  is  difierent 
in  different  directions  (108),  we  should  naturally  expect  that  the 
rate  of  expansion  would  be  difierent  also. 

In  investigating  the  laws  of  expansion  of  solids,  it  is  eridentlj 
advisable  to  make  choice  of  crystallized  bodies ;  for  when  the 
substance  is  not  crystallized,  the  expansion  of  different  speeimeos 
may  not  be  precisely  the  same,  owing  to  variations  of  inteniil 
structure.  This  is  probably  the  cause  of  the  discrepancies  wiiidi 
we  find  between  the  coeflScients  of  expansion  of  die  same  sob- 
stance  as  given  by  different  experimenters.  These  discrepancies, 
indeed,  are  the  most  marked  in  the  case  of  substances  like  glMi 
in  which  we  should  naturally  expect  the  greatest  TariatioDS  of 
structure. 

Tlie  expansion  of  glass  has  been  more  careftdly  studied  ttai 

•  Posgendorff '8  Annaleo,  L  1S5,  X.  t37»  XLL  SIS. 
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ftt  of  any  other  substance,  on  account  of  its  use  in  physical 
paratus.  Begnault  has  found,  not  only  that  the  expansion  of 
188  Taries  with  its  composition,  but  also  that  it  varies  with  the 
Aoner  in  which  it  has  been  worked.  Thus,  the  same  glass  ez- 
nds  more  in  the  form  of  a  solid  rod  than  in  that  of  a  tube,  and 
large  vessel  frequently  expands  at  a  diiferent  rate  from  a  small 
fisel  made  of  precisely  the  same  material.  Indeed,  Regnault 
IS  shown  that  the  coefficient  of  the  same  glass  vessel  is  not 
ways  absolutely  the  same  between  the  same  limits  of  tcmper- 
iore,  especially  if  between  two  observations  it  has  been  exposed 
\  great  and  sudden  thermal  changes.  These  variations  are 
!obably  due  to  changes  in  the  molecular  condition  of  the  glass, 
id  are  similar  to  those  which  cause  the  change  in  the  zero  point 

tbe  thermometer  (220). 

It  follows  from  the  above  facts,  that,  where  very  great  accuracy 
required,  it  is  important  to  determine  the  rate  of  expansion  of 
e  actual  vessel  which  is  to  be  used  in  the  experiment. 
(246.)  Force  of  Expansion.  —  The  force  with  which  a  body 
pftnds  is  equal  to  the  resist£uice  which  it  would  oppose  to  a 
mpression  of  an  equal  amount ;  we  have  already  seen  (101) 
w  very  great  this  resistance  is.  A  bar  of  iron  one  metre  long 
pands  0.0012  m.  if  heated  100°.  If  now  we  assume  that  the 
ea  of  the  section  of  the  bar  is  equal  to  2,500  mTm.',  and  that 
e  coefficient  of  elasticity  of  iron  is  equal  in  round  numbers  to 
,000,  we  can  readily  calculate  by  [66]  the  weight  which  would 

required  to  compress  the  bar  0.0012.  This  weight  would  be 
,000  X  2,500  X  0.0012  =  63,000  kilogrammes,  and  it  would 

necessary  to  apply  this  enormous  force  in  order  to  prevent 
bar  of  iron  measuring  5  c.  m.  on  each  side  from  expanding, 
hten  heated  from  0°  to  100°.  It  is  not,  therefore,  at  all  wou- 
Tfiil  that  iron  bars  used  in  buildings  frequently  destroy  the 
taonry  they  were  intended  to  strengthen,  where  care  has  not 
len  taken  to  allow  for  the  expansion. 

The  force  with  which  a  solid  contracts  when  cooled  is  equal  to 
tat  with  which  it  expands  when  heated.  This  force  was  first 
led  at  the  Conservatoire  des  Arts  et  MStiers^  in  Paris,  for  draw- 
tg  together  the  walls  of  an  arched  gallery  which  had  bulged 
itward  from  the  pressure  of  the  roof,  and  the  experiment  has 
nee  been  successfiilly  repeated  in  several  other  buildings. 
boat  iron  rods  were  placed  across  the  building,  and  their  ends 
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secured  to  the  outside  of  the  walls  by  means  of  plates  and  nuts. 
Half  of  the  number  of  rods  were  then  strongly  heated  by  cha^ 
coal  furnaces,  and  when  they  were  expanded  the  plates  were 
screwed  firmly  up  to  the  walls.  As  the  bars  cooled,  they  con- 
tracted and  drew  the  walls  somewhat  nearer  together.  The  same 
process  was  then  repeated  with  the  other  half  of  the  rods,  and 
so  continued  until  the  walls  were  restored  to  a  perpendicular 
pasition. 

Applications  of  this  same  force  may  be  seen  in  many  of  the 
trades.  The  wheelwright  binds  the  parts  of  a  wheel  together  by 
putting  on  the  iron  tire  while  hot,  and  allowing  it  to  contract 
round  the  wood  ;  and  even  the  large  wrought-iron  tires  round 
the  wheels  of  locomotive  engines  are  fastened  in  the  same  way. 
The  cooper  insures  the  tightness  of  a  cask  by  surrounding  it 
with  heated  iron  hoops,  which,  by  contracting,  unite  the  staves 
more  firmly ;  and  steam-boilers  are  riveted  with  red-hot  riTets, 
which,  on  cooling,  draw  the  plates  together  more  securely  than 
any  other  means  could. 

(247.)  Illustrations,  —  The  expansion  of  solids  by  heat  may 
be  illustrated  by  a  great  variety  of  experiments,  but  we  shall 

only  be  able  to  describe  a  few  of  the 
most  striking. 

The  cubic  expansion  may  be  shown 
by  means  of  the  apparatus  repre^nt- 
ed  in  Fig.  369.  The  brass  ball  a  is 
made  so  that  it  will  just  pass  through 
the  ring  w,  when  both  have  the  same 
temperature.  If  then  we  heat  the 
ball,  it  will  no  longer  pass  through  in 
any  position,  thus  indicating  an  in- 
crease of  volume. 
Ill  order  to  illustrate  the  linear  expansion  of  solids,  we  make 
use  of  a  class  of  instruments  called  pyrometers.  One  of  the 
simplest  and  most  convenient  of  these  is  represented  in  Fig.  370. 
It  consists  essentially  of  the  metallic  rod  A^  one  end  of  which  is 
firmly  secured  to  a  brass  pillar  by  means  of  the  clamp-screw  £» 
while  the  other  end,  which  is  free  to  expand,  plays  against  the 
shorter  arm  of  a  needle.  A",  moving  on  a  graduated  arc.  The 
rod  is  heated  by  an  alcohol  lamp  of  peculiar  construction,  aud 
its  expansion  is  rendered  \isible  by  the  motion  of  the  needle  over 
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fbe  graduated  are.  InHtnunenta  constmcted  on  the  same  prin- 
ciple have  been  employed  by  Daniels  and  others  for  measuring 
hi^  temperatures  ;  but  since  thej  have  been  superseded  by  the 


&r  more  accurate  methods  of  the  present  day,  it  is  not  necessary 
to  describe  them  in  detail. 

The  anequal  expansion  of  different  metals  is  best  illustrated 
by  a  compound  bar,  made  by  riveting  together  two  bars  of  iron 
■ad  copper  at  diflerent  points 
through   their  whole  length,  as  ng.  sn. 

ivpresented  in  Fig.  371.     When      ^  ■'  ■  ■'  f  ~  ■  f  ii  n"^^^^ 
SDcb  a  bar  is  heated,  the  copper 

expuids    more    than  the   iron,      ^-3:—  -•      "■■■  iTiiii^^ 
•od   the   bar   curves,   as   repre-  Kg.  an. 

■ented  in  Fig.  372,  in  order  to 

accommodate  the  inequality  of  length  which  thus  results.    If  the 
Imt  is  cooled,  it  again  curves,  but  in  the  opposite  direction. 

The  expansion  of  solids  is  also  illustrated  by  many  phe- 
nomena of  every-day  life.  A  nail  driven  into  a  brick  wall  be- 
comes loose  after  a  time,  because  tlie  iron  cxfiands  in  summer 
and  contracts  in  winter  more  than  the  mortar,  and  thus  the 
vpeoing  is  enlai^^.  Clociis  go  faster  in  winter  and  slower 
jn  summer,  because  the  pendulum  elongates  in  summer,  aud 
eooeequently  vibrates  more  slowly  ;  while  in  winter  it  becomes 
rimter,  and  vibrates  more  rapidly.  The  pitch  of  a  piano  or  harp 
lues  in  a  cold  room,  in  consequence  of  the  contraction  of  the 
■etallic  strings.  A  closely-fitting  iron  gate,  which  can  tie  easily 
apmed  on  a  cold  day,  can  only  be  opened  with  difficulty  on  a 
wm  day,  because  both  the  gate  and  the  adjoining  railings  have 
become  expanded  by  the  heat.     Wlicn  iron  pipes  are  employed 
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to  conduct  steam  through  a  factory,  they  are  never  allowed  to 
abut  against  a  wall  or  other  obstacle,  which  they  might  injure  in 
expanding ;  and,  for  the  same  reasons,  the  rails  of  a  railroad  are 
always  laid  at  a  little  distance  apart.  A  kilometre  of  raib 
expands  seven  metres  between  — 20®  and  40**,  and  this  allow- 
ance must  be  made  in  the  construction  of  the  road.  When  a 
metal  is  soft,  and  its  expansion  or  contraction  at  all  resisted,  it 
may  become  permanently  expanded  when  repeatedly  heated.  A 
waste  steam-pipe  of  lead  has  been  elongated  several  inches  in  a 
few  weeks,  and  the  zinc  or  lead  linings  of  bath  tubs  are  fre- 
quently gathered  in  ridges  from  the  same  cause. 

The  walls  of  buildings  are  also  sensibly  expanded  by  the  action 
of  the  sun's  rays.  Bunker  Hill  Monimient,  an  obelisk  of  granite 
two  hundred  and  twenty-one  feet  high,  moves  at  the  top  so  as  to 
describe  an  irregular  ellipse  with  the  sun's  motion.  Professor 
Horsford,  who  had  an  opportunity  of  studying  the  action  of  the 
sun's  rays  on  tliis  structure,  noticed  that  the  i|^ovement  mst- 
menccd  early  in  the  morning  on  a  simny  day,  and  attained  its 
maximum  in  the  afternoon.  In  a  cloudy  day  no  motion  takes 
place,  and  a  shower  restores  the  shaft  to  its  position,  —  showing 
that  the  heat  which  produces  the  deflection  penetrates  but  a  short 
distance.*  A  similar  fact  is  also  noticed  when  astronomical  in- 
struments are  placed  on  elevated  buildings,  from  the  derangement 
which  they  undergo  by  the  unequal  expansion  of  the  walls. 

When  hot  water  is  poured  on  a  thick  plate  of  glass,  the  upper 
surface  is  expanded  before  the  heat  reaches  the  under  surface  of 
the  plate.  There  is,  therefore,  an  unequal  expansion,  and  the 
plate  tends  to  bend,  like  the  compound  bar,  with  the  hot  surface 
on  the  outside  of  the  curve  ;  and  since  the  particles  of  glass  do 
not  readily  yield  to  such  displacement,  the  glass  breaks.  Hence 
is  explained  the  fact,  that  hot  vessels  of  glass  or  porcelain  are 
liable  to  break  when  cold  water  is  poured  into  them,  or  when  set 
down  on  a  cold  surface  which  is  at  the  same  time  a  good  con- 
ductor of  heat.  Such  accidents  are  avoided  by  resting  the  vessel 
on  rings  of  straw,  or  other  poor  conductors,  and  having  them 
made  as  thin  on  the  bottom  as  is  consistent  with  the  necessary 
strength. 

This  effect  of  heat  on  glass  is  used  in  the  laboratory  for  dividing 

*  Silliman's  Philosophy,  p.  329. 
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glass  Yossels  which  have  been  cracked  or  otherwise  damaged, 
since  a  crack  once  started  may  be  conducted  in  any  direction 
by  means  of  an  iron  rod  heated  to  redness,  or,  still  better,  by 
means  of  a  burning  slow-match  prepared  expressly  for  the  pur- 
pose.* In  like  manner  the  round  necks  of  glass  retorts,  flasks, 
and  other  chemical  vessels,  can  be  cut  off  by  means  of  an  iron 
ring,  which  is  first  heated  to  a  red  heat  in  a  furnace,  and  then 
held  for  a  few  moments  around  the  neck.  As  soon  as  the  neck 
is  thus  heated,  a  few  drops  of  water  let  fall  upon  the  heated  part 
will  cause  the  neck  to  crack  off. 

But  by  far  the  most  remarkable  illustration  of  the  expansion 
of  solids  by  heat  is  furnished  by  the  Britannia  Tubular  Bridge. 
This  bridge  consists  of  two  rectangular  iron  tubes  (made  of  boiler 
plates  firmly  riveted  together)  1,610  feet  IJ  inches  long  at  32®  F., 
and  varying  from  23  feet  in  height  at  either  end  to  30  feet  at  the 
centre.     These  tubes,  which  are  placed  parallel  to  each  other, 
are  secured  permanently  to  the  central  stone  pier  of  the  bridge, 
called  the  Britannia  Tower  ;  but  at  the  other  points  of  support 
they  rest  on  friction  rollers,  and  the  free  ends  move  backwards 
or  forwards  as  the  length  of  each  tube  changes  with  tlie  tem- 
perature.    An  increase  of  temperature  of  26°,  viz.  from  32®  to 
58**  P.,  gives  an  increase  of  3J  inches  in  the  whole  length  of  the 
bridge,  and  the  daily  expansion  and  contraction  varies  from  half 
an  inch  to  three  inches,  usually  attaining  its  maximum  and 
minimum  about  three  o'clock  in  the  afternoon  and  morning. 
Since  the  tubes  are  immovably  secured  in  the  centre,  only  one 
half  of  this  motion  is  visible  at  either  end.     "  But  the  most  in- 
teresting effect  is  that  produced  by  the  sun  shining  on  one  side 
of  the  tube  or  on  the  top,  while  the  opposite  side  and  the  bottom 
remain  shaded  and  comparatively  cool.    The  heated  portions  of 
the  tube  expand,  and  thereby  warp  or  bend  the  tube  towards  the 
heated  side,  the  motion  being  sometimes  as  much  as  two  and  a 
half  inches  vertically  and  two  and  a  half  inches  laterally."  f    The 
same  phenomena  may  be  seen  at  the  Victoria  Tubular  Bridge, 
recently  built  at  Montreal ;  but  as  the  tubes  of  this  bridge  are 

*  For  a  recipe  bj  which  these  slow-matches  maj  be  prepared,  see  Mohr's  Phar- 


t  For  a  Yerj  interesting  and  detailed  account  of  these  phenomena,  see  the  large  work 
on  the  Britannia  and  Conwaj  Tabalar  Bridges,  by  Edwin  Clark,  Hcsident  Engineer. 
i  rob.  and  Atlas,  London,  1856. 


bcidceT  dw  extent  of 

■  9f  Sohds.  —  Briefs 
?x.  ¥7i  2  UL  »o£i:aDoa  oC  the  principle 
•j(  :n»  onprniMl  b«r.  Tbe  essen- 
ssiL  wn  of  die  instnimeDt  is  > 
foiraL  fcciaed  of  a  metallic  ribbcn 
■widi'h  b*  eoastracte<l  in  tbe  fcd- 
^}V32  VST.     Three  small  buf, 

<Me  <ncfa  of  |J»rinnm,    gold,   Utd 

a^«>r.  arv.  in  the  fir^  place,  sot- 
d»«ti  uoecher  throughout  tbeir 
v^;4e  length.  This  compound 
Mr  »  anxt  roDed  out  in  a  rolliDg- 
"1^  until  h  is  reduced  to  &  rib- 
bon not  nan  than  one  siitieth 
of  a  milliinetTe  in  thickness,  and 
fiwn  one  to  two  millimetres  broad. 
The  ribbm  thus  prepared  is  vouod 
into  a  spiral,  having  tbe  sOtct  bee  towards  the  interior,  aud  thn 
npiral  is  suspended  to  the  aprigfat  aim  of  tbe  instrument.  Tv 
ittj  Io'*':r  f;iiil  there  i=  faftened  a  needle,  which  traverses  an  an 
frni'lriati^  into  Centigrade  degrees,  and  the  whole  insti-ument  is 
oviintfi  with  a  glass  Viell  for  protection, 

Altliougli  the  ribbon  is  rolled  ont  to  the  extreme  degree  of 
thiiines!«  jurt  stated,  yet  tbe  continuity  of  the  three  meials  re- 
iiminH  unbroken  ;  so  that  the  spiral  may  be  regarded  a^  coDslt- 
iiig  of  tbree  iipirals  of  different  metals  united  throughout  their 
whole  length.  The  silver  spiral,  which  is  the  most  dilatable,  is 
fiirnmriibid,  first,  by  a  gold  spiral,  which  expands  less  than  the 
dilvt.T,  and  lastly  by  a  platinum  spiral,  which  expands  the  least 
of  all.  As  tlnj  temperature  rises,  the  silver  expanding  more  than 
the  platiijiiin  or  the  gold,  each  coil  of  the  spiral  tends  to  unbend, 
and  tho  eiii'ct  is  evidently  partially  to  uncoil  the  whole,  caiisin| 
the  needle  to  move  over  the  graduated  arc  from  left  to  right  in 
the  above  fit^iirc.  The  opposite  effect  ensues  when  the  tempera- 
ture falls.  The  gold  band  is  placed  between  tlie  two  others, 
Iwcaiisc!  it  has  an  intermediate  rate  of  expansion.  Were  plali- 
niiin  and  silver  used  alone,  the  great  inequality  of  their  rates 
of  cxpaiisioii  might  cause  the  bands  to    separate.     On  account 
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small  mass  of  metal  of  which  the  spiral  consists,  Br^gaet's 
ometer  is  exceedingly  sensitive  to  very  slight  changes  of 
rature,  and   may  be  used   in  some  cases  with  great  ad- 

^' 

ae  of  the  most  ingenious  applications  of  the  expansion  of 

i  are  to  be  found   among  the  numerous  contrivauces  for 

ing  the  penduliuns  of  clocks  of 

variable    length   at  all  temperfr- 

One  of  these,  called  Harrison's 

on  pendulum,  is   represented   in 

74.     The  large  disk  of  this  pcii- 

1  is  suspended  by  a  series  of  steel 

irass  rods,  alternating  with  each 

and  connected  at  the  ends  by 

pieces.      The    manner  in  which 

are  arranged  will  be  beet  under- 

hy  studying  the  figure,  in  which 
teel  rods  are  distinguished  from 
-ass  by  being  shaded.  The  length 
>  pendulum  is  evidently  equal  to 
un  of  the  lengths  of  the  steel  rods, 
ling  the  steel  ribbon,  b,  which  sup- 
the  whole  pendulum  and  bends  at 

oscillation,  less  the  sum  of  the 
18  of  the  brass  rods.  Moreover, 
1  also  be  seen,  by  examining  the 
\y  that,  while  the  expansion  of  tlie 
rods  lengthens  the  pendulum,  the 

ision  of  the  brass  rods  shortens  it.  

!D,  the  lengths  of  the  rods  are  so  tiTs^i 

ted  that  tlje  expansion  in  one  di- 

n  will  just  balance  that  in  the  otlier,  the  pendulum  wilt 

n  of  an  invariable  length.      It  is  easy  to  dctennine,  ap- 

oiativelj,   ihe  length   required   to    produce   tliis   compen- 


ireaenting  by  L  and  L'  tbe  sum  of  tlie  lengths  of  th«  sleel  and  the 
■ode  respectively,  and  by  h  and  k  llictr  coelBeieni^  of  ■.'xiituision,  we 
have,  uDce  the  amount  of  expansion  b  the  same  in  both, 

Lk  =  L'  h. 
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3forwTer,  ^inoe  at  the  htiatdt  of  Fb»  the  kagck  of  the  aeoondi  peali* 
lum  lib  hJj'j'6'J^  metre  (^>.  we  i 


L  —  L=  *}M^L 

O/mbining  tbe<«  two  equmzkc^.  and  fabeaKoakg  far  h  and  h  their  Tsloei 
frvirn  Table  X  V^  we  frhoald  find  that  tlie  pendafaim  would  remam  of  « 
invariable  length  when  the  ^um  of  the  lengths  of  the  steel  rods,  or 
A  =  'A.WjVj  metre*,  arid  when  the  «nm  of  the  lengths  of  the  bnu  vA^ 
or  A',  =  ].3252'>  mein^.  It  is  evident,  therefore,  that  compenj«daa 
f^^uld  n«n  \9tt  eff(Fret«rd  with  fewer  rods  than  are  represented  in  the  figure^ 
na/fi«rly,  tliree  of  .-iteel  and  two  of 


Hu;  alioTc  calculation,  howereTt  onlr  grres  approximate  re* 
Hiilts,  Hjiice  the  virtual  length  of  the  pendulum  depends  ou  the 
fiiiHition  of  the  centre  of  oscillation,  and  maj  Tair,  even  when  the 
apfiarent  length  remains  the  same  (54).  In  practice,  the  rods 
arc  constructed  as  nearly  as  possible  of  the  required  length,  tnd 
the  conif>enKation  is  afterwards  completed  bj  varying  tlie  positioe 
of  the  weight  o,  until,  after  successive  trials,  the  right  point  b 
attained. 

A  (Jockmaker  by  the  name  of  Martin  eflfected  the  compensi- 
tion  in  |>endulums  by  means  of  a  compound  bar  of  iron  and 
cop|M^r,  fix<jd  transvorscly  on  tlie  pendulum  rod,  as  represented 
in  Fi^.  JJ7r>.  To  the  ends  of  tliis  compound  bar  small  weights 
anj  attached,  niovaljle  ou  a  screw,  and  the  bar  is  so  placed  that 
tilt;  c()pj)cr  is  lowest.    Hence,  when  the  temperature  rises,  its  cuds 


KIk  J17.V 


Fig.  are. 


Fig.  377. 


(Mirvo  upwards,  as  ropn\«5cnted  in  Fig.  376  ;  and,  on  the  other 
haiui,  tiioy  ourvo  downwards,  as  in  Fig.  377,  when  the  tempera- 
tuiv  fails.  Tlio  rising  and  falling  of  these  masses  of  matter  will 
p  idtMitly  oiiaiip.  tiio  virtual  length  of  the  pendulum,  by  raisingor 
|*»^vorin»r  ,|u.  ,.,.,^„^,  ^^,.  oscillation.  Moreover,  this  change  wUl  be 
just  tho  iv\orso  i»r  thai  caused  by  the  action  of  heat  on  the  pen- 
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alum  itself ;  and,  by  yarying  the  position  of  the  small  weights 
1  the  transverse  bar,  the  two  changes  may  be  made  exactly  to 
)unteract  each  other. 

An  arrangement  precisely  similar  to  that  of  Martin  has  long 
3en  employed  for  compensating  the  balance-wheels  of  chronoui- 
ers  and  watches.  It  is  well  known  tliat  the 
lotion  of  a  watch  is  regulated  by  a  balance- 
heel,  as  that  of  a  clock  is  by  the  pendulum, 
id  that  the  oscillations  of  this  balance-wheel 
■e  maintained  by  a  fine  spiral  spring,  whose 
asticity  takes  the  place  of  the  force  of  grav- 
f  acting  on  the  pendidum  of  the  clock.  Now, 
le  duration  of  an  oscillation  of  a  balance-  fig.  978. 

heel  depends  on  the  elasticity  of  the  spring, 
i  the  radius  of  the  wheel,  and  on  the  mass  of  matter  in  its  rim 
he  effect  of  heat  is  to  increase  the  radius,  and  thus  to  ret. 
le  watch  by  increasing  the  duration  of  each  oscillation.     Tin. 
feet,  however,  can  be  entirely  counteracted  by  the  arrangement 
^presented  in  Fig.  878.    The  three  metallic  arcs,  a,  a,  a,  are  each 
lade  of  two  metals,  the  most  expansible  being  placed  outside ; 
ad  as  the  temperature  rises,  they  curve  in  and  carry  the  three 
Biall  masses  of  matter,  n,  n,  n,  nearer  to  the  axis  of  the  wheel, 
iius  diminishing  the  virtual  length  of  the  radius  as  much  as  the 
xpansion  increased  it.     The  position  of  the  small  masses  n,  n,  n, 
a  which  the  effect  of  expansion  is  just  compensated,  is  found  by 
rial ;  and  they  are  adjusted  by  turning  them  on  the  small  screws 
prhich  form  the  extremities  of  the  arcs. 

Expansion  of  Liquids. 

(249.)  Absolute  and  Apparent  Expansion.  —  In  considering 
ibe  expansion  of  a  liquid,  it  is  important  to  distinguish  between 
the  absolute  expansion  and  the  apparent  expansion  when  the 
liquid  is  enclosed  in  a  glass  vessel.  From  the  very  nature  of  a 
liquid,  it  is  evident  that  its  absolute  expansion  cannot  be  directly 
observed,  but  must  be  determined  by  indirect  methods.  It  is 
ilso  evident,  that  the  absolute  expansion  must  be  equal,  in  nny 
cise,  to  the  apparent  expansion,  increased  by  the  amount  of  ox- 
jNUision  of  the  glass  vessel  containing  the  liquid;  compare  (210) 
Hid  (241) ;  and  hence,  when  any  two  of  these  quantities  u^o 
Ciiowii,  the  third  can  always  be  calculated. 
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(250.)  Absolute  Erpansion  of  S^cmry.  —  The  coefRcient  of 
absolute  expansion  of  mercurf  is  one  of  the  most  imporUol 
constants  of  physics ;  for  not  ouly  does  it  enter  indirectly  into  the 
determination  of  the  expansion  of  most  other  substances, — solids, 
hquidK,  and  gases  (254),  —  but  it  also  has  a  direct  bearing  oa 
the  theory  and  use  of  both  the  thermometer  and  barometer 
(219)  and  (160).  It  is  therefore  essential  that  tliis  coiistaiit 
should  l>c  determined  with  the  greatest  care. 

The  most  accurate  method  of  determining  the  coefficient  of 
absolute  expansion  of  mercury  is  based  upon  the  principle  ia 
hydrostatics  (1-j1),  that,  when  two  tubes  filled  with  different 
liquids  communicate  together,  the  heights  of  the  two  liquid  col- 
umns if  in  equilibrium  are  inversely  proportional  to  the  specific 
gravities  of  the  lii{uids.  What  is  true  of  different  liquids  most 
also  be  true  of  the  same  liquid  at  different  temperatures;  and 
we  can  therefore  determine  the  relative  specific  gravity  of  wo- 
cury  at  such  temperatures  by  measuring  tlie  heights  of  the  wx- 
cury-columns  in  the  legs  of  an  inverted  siphon,  so  arranged 
tlmt  each  column  may  bo  exposed  to  the  temperature  required. 
When  the  specific  gravity  at  two  different  temperatures  has  been 
thus  determined,  we  can  easily  calculate  the  coefficient  of  expan- 
sion  by  [1(}8]. 

Tlie  apparatus  used  liy  Dulong  and  Petit,  who  determined  ihe 
absolute  expansion  of  mercury  by  the  hydrostatic  metliod,  is 


ri-prosnitcd  iu  Fig.  879.  It  consisted  of  two  glass  tubes,  A  and 
/{,  Kii|i]>i)rli>d  vertically  on  an  iron  basement,  and  united  Mo* 
liy  u  capilliiry  tube,  so  as  to  form  together  an  inverted  siplioa. 
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be  two  tabes  were  each  enclosed  in  a  metallic  vessel.  The 
nallest  of  these,  X),  was  filled  with  pulverized  ice,  and  the  other, 
?,  contained  oil,  which  was  gradually  heated  by  a  small  fur- 
ace,  which  the  figure  represents  in  section,  in  order  to  show  the 
onstruction.  Lastly,  the  tubes  were  filled  with  mercury,  which 
reserved  the  same  level  in  both  as  long  as  the  tubes  were  ex- 
ooed  to  the  same  temperature,  but  which  rose  in  the  tube  B  in 
iroportion  as  it  was  heated.  In  making  an  observation  with  this 
pparatus,  the  bath  was  first  heated  to  the  required  temperature, 
rhich  was  indicated  by  the  thermometer  P,  and  then  the  heights 
f  the  two  columns  were  measured  by  the  cathetometer  JT. 
In  order  to  calculate  from  such  an  observation  the  coefficient 
f  absolute  expansion,  let  us  represent  by  H  and  QSp.Gr.^  the 
eight  and  specific  gravity  of  the  mercury-column  -4  at  0®,  and 
f  H'  and  (^Sp.Gr.y  the  height  and  specific  gravity  of  the  mer- 
niy-column  B  at  f.  Then  we  have,  by  [81],  H .  (^Sp.  Gr.)  = 
V  (^8p.  Gr.y,  Moreover,  representing  the  coefficient  of  absolute 
spansion  of  mercury  by  JT,  we  have,  by  [166]  and  [66], 

{Sp.Gr.^  =  (^Sp.Gr.y  (1  +  K().  [169.] 

lombining  the  two  equations,  we  obtain,  for  the  value  of  JT, 

K  =  ^^^ .  [170.] 

• 

By  this  method,  Dulong  and  Petit  found  that  the  mean  abso- 
ute  expansion  of  mercury  between  0**  and  100**  was  ^^^y  = 
).000 18018.  Regnault  has  since  redetermined  this  coefficient 
rith  an  apparatus  based  on  the  same  principle,  but  very  greatly 
mproved,  and  has  obtained,  for  the  mean  value  between  0**  and 
100%  0.000 18163,  a  number  which  differs  but  little  from  that  of 
Dulong  and  Petit.  The  apparatus  of  Regnault,  although  very 
nmple  in  principle,  is  quite  complicated  in  construction,  and  it 
tould  require  more  space  to  describe  it  than  we  are  able  to 
pVe ;  but  the  student  will  find  it  described  in  full  in  Regnault's 
memoir  on  the  subject.* 

As  has  already  been  stated  (219),  the  coefficient  of  expansion 
»f  mercury  increases  with  the  temperature.  This  is  shown  by 
be  following  table,  which  contains  the  results  obtained  by  Reg- 
tolt. 

*-  -  ■  I 

*  Memoires  de  rAcaddmie  des  Sciences  de  rinstitnt,  1847. 

43* 


SIB 


70 

2^10 
2'/0 

350 


0i)001d7*4 


i-BiCt-ir. 


0j)001794>5 
Oj»)1809l 
€10001^152 

0i)001d€57 
OUOI)018909 
0i)0019I6i 
0^)^)019413 
0.00019666 


of 

S^Mi  Wdghik 

1.0000000 
liX>a3928 
10090135 
1.0126546 
11)181530 
lj027418d 
1. 0368100 
1.0463275 
1.0559740 
1.0657440 


In  the  la5t  colamn  of  this  table  we  have  given  the  volume 
tr>  wliich  one  cubic  centimetre  of  mercurj  will  expand  when 
)if;;ir^;d  to  the  different  temperatures  indicated  in  the  first  column. 
ThJH  volume  may  be  calculated  by  means  of  the  formula  F=5 
1  -f-  /  Ar,  whenever  the  corresponding  mean  coeffic^Jent  between 
0**  and  C  (as  given  in  the  second  column  of  the  table)  is  known; 
and  for  temperatures  for  which  the  coefficient  has  not  been  de- 
t^irinincd,  it  can  be  ascertained  sufficiently  near  by  interpolation. 
It  is  convfMiient,  liowever,  to  have  a  single  formula  by  wliich  the 
volunu;  can  be  calculated  at  once  for  any  temperature  ;  and  such 
a  formula  can  be  obtained  by  applying  the  principle  of  [loO]. 

Sin<;(j  the  volume  is  always  some  function  of  the  temperature, 
it  can  1)0  expressed  by  the  general  formula,  into  which  every 
al;r(»l)raic  function  may  be  developed, 

r=  ^  +  5  /  +  C<»  +  D  ^»  +,  &c.  [171.] 

In  th(^  i)rcscnt  case,  A  is  equal  to  unity,  the  volume  when  the 
tmnpcTature  is  zero,  and  the  other  coefficients  can  be  found  br 
sul)stituting  in  the  general  equation  [171]  the  value  of  .4,  and 
also  the  values  of  V  and  t  for  each  temperature  at  which  the 
volume  has  been  experimentally  determhied.  We  shall  thus 
ohtuiu  as  many  equations  as  there  are  determinations,  and  by 
combining  them  together  according  to  the  well-known  methods  of 
algebra  we  can  easily  calculate  the  coefficients  required.  Making 
UNO  of  Hognault's  results,  as  given  in  the  above  table,  we  should 
thus  obtain  for  the  volume  of  mercury  at  any  temperature, /,  a* 
indiratod  by  an  air-thermometer,  the  value, 
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Fc=  1  +  0.000179007 1  +  0.0000000252816 1\      [172.] 

I  unnecessarj  to  add  that  this  formula  is  purely  empirical, 
can  only  be  trusted  for  temperatures  within  the  limits  be- 
in  which  the  experiments  were  made. 

iol.)  (Correction  of  the  Observed  Height  of  the  Barometer 
Temperaiure.  —  Since  the  height  of  a  barometer  is  affected 
changes  of  temperature  (160),  it  becomes  essential,  before 
paring  together  different  observations,  to  reduce  each  to  the 
dard  temperature  of  0** ;  in  other  words,  to  calculate  what 
Id  have  been  the  height  had  the  temperature  at  the  time  of 
observation  been  at  the  freezing-point.  The  principles  of 
last  section  famish  us  with  a  ready  method  of  making  the 
Lction. 

le  pressure  of  the  air  being  constant,  it  follows  from  (158)  and  [81] 
the  height  of  a  mercury  barometer  at  different  temperatures  will  bei 
"sely  proportional  to  the  specific  gravity  of  mercury  at  these  tempera- 
•  Hence  we  shall  have  I£:  H'  =  {Sp.Gr.y  :  {Sp.Gfr,)^  a  propor- 
in  which  If  and  {Sp.Gr,)  represent  the  height  of  the  column  and  the 
fie  gravity  of  mercury  at  0°,  while  /T'  and  {Sp.Crr.y  represent  the 
\  values  at  f.  But  we  also  have  (Sp.Gr.)  ==  (Sp.Gr.y  (1  +  Kt)j 
combining  this  with  the  last  proportion,  we  at  once  deduce  /£'  = 
+  Kt),  and 

^=  ^'  nbrl  =  ^'  -  ^'  f^, ;         [173.] 

ubstituting  for  K  its  mean  value  between  0°  and  100°  (0.00018  = 

last  term  of  the  above  formula  is  the  correction  which  must  be  sub- 
ed  from  the  observed  height,  in  order  to  reduce  the  observation  to 

tie  reduction  as  thus  made,  however,  would  not  be  quite  correct,  since 
lave  not  taken  into  account  the  change  in  the  length  of  the  scale  of 
barometer  caused  by  the  expansion  of  the  material  on  which  it  is 
lived.  If,  as  in  the  barometer  of  Fortin  (160),  this  scale  is  engraved 
te  brass  casing  of  the  tube,  which  extends  quite  down  to  the  cistern, 
easy  to  make  allowance  for  the  effect  of  its  expansion,  assuming  that 
eale  agrees  with  the  standard  of  length  at  0°.  Let  us  assume  that  the 
ions  on  the  scale  are  in  centimetres.     It  is  evident  that  the  effect  of 


« 
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Ttic  tccofid  term  of  the  abov«  fcro la  girai  a  conecftioiL  to 
nnlpirucUifl  from  the  obserred  In^  of  a  maciuj^eolmi 
dimifiiite«  the  expansion  of  tlie  scale  M  vdl  as  thai  of  diB 
itivjf,  iirid  reduces  the  obsoraliou  strictlj'  to  (T.    The  ^ 
tlim  vAirnu'Xum^  iii  ccutimetres,  correspcHiding  to  one  degree  of 
Umi\fi*,mi\\r%  \n  given  in  Table  AVIU.  for  CTeiy  five  milliinetM 
ill  Uu!  lK;iglit  of  the  mercaiy-colunm  from  0.5  c.  m.  to  100  cm^ 
iumI  not  only  for  a  liarometer  with  a  brass  scale,  bat  also  fort 
UinniMiUiv  with  the  scale  engraved  on  the  glass  tube.    The  tat' 
I'fM'tidii  for  any  given  temperature  is  found  by  multiplying  the 
nntnbnr  from  the  table  opposite  to  the  observed  height  by  the 
niiinbnr  of  du^njes.     If  the  degrees  are  above  zero,  the  coireo- 
tion  In  I^)  Imj  Hiilitractcd  from  the  observed  height;  if  below,  to  be 
imIiIimI  to  it.     TiiiH  same  table,  as  well  as  the  formula  [175],  maj 
iiJHo  h<j  tiHCMl   for  reducing  to  0"*  the  height  of  any  mercuif- J 
ri»lunin;  for  example,  that  in  a  manometer-tube  (168),  or  in  t  J 
kIunm  l>nll  ov<M-  a  mercury  pneumatic  trough  (169).    If  the  height   ^ 
of  \\\K\  coliunn  is  measured  by  means  of  a  cathetometer,  as  in  * 
Ki^.  272,  it  is  equivalent  to  using  a  barometer  with  a  brass  scale, 
nnd  thn  iMirroction  must  bo  taken  from  the  column  headed  "Braa 
Sojdo  "  in  Table  XVIII.    If,  on  the  other  hand,  it  is  measured  bf 
moans  of  gnuiuation  on  the  glass  bell  or  tube  itself,  the  colunu 
hottdod  **  Uhuss  Scale  "  should  be  used. 
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L)  Apparent  Expansion  of  Mercury.  —  Tlie  apparent  ex- 
a  of  mercury  will  evidently  vary  with  the  nature  of  the 
vessel  in  which  it  is  enclosed.     But  since  the  vessels 
\q     used  for  the  puq)ose  are  almost  invariably  made  of 
V    glass,  we  understand  by  the  term  apparent  exparir 
c        sion  the  apparent  expansion  in  glass,  unless  it  is 
otlierwise  stated.     The  apparent  expansion  of  mer- 
cury in  glass  can  readily  be  determined  experimen- 
tally by  means  of  the  apparatus  represented  in  Fig. 
380.     It  consists  of  a  cylindrical  reservoir  opening 
into  a  capillary  tube,  which  is  drawn  out  at  the  end 
to  a  fine  point,  and  bent  into  the  form  of  a  hook. 
The  apparatus  is  in  the  first  place  weighed,  and  then 
filled  with  pure  mercury,  like  a  thermometer-tube 
(Fig.  340),  taking  care  to  boil  the  mercury  in  the 
reservoir  in  order  to  expel  the  last  traces  of  air  and 
moisture.     It  is  next  surrounded  with  melting  ice, 
the  orifice  of  the  tube,  o,  dipping  under  mercury, 
is  thus  drawn  into  the  apparatus  as  the  temperature  falls 
he  whole  is  filled  with  mercury  at  0®.     Having  weighed 
»paratus  again,  and   subtracted  the  weight  of  the  glass, 
iain  the  weight  of  the  mercury  at  0®,  which  we  will  repre- 
r  W.    Finally,  we  expose  the  apparatus  to  a  constant  and 
temperature,  t^^  (for  example,  to  that  of  the  steam  from 
;  water,)  and  collect  and  weigh  the  mercury  which  escapes, 
lis  weight  w  ;  then  W —  w  is  the  weight  of  mercury  which 
Is  the  apparatus  at  <**.     We  have  now  all  the  data  required 
culating  the  apparent  coefficient  of  expansion, 
volume  of  W. —  w  grammes  of  mercury  at  0**  is,  by  [56], 

.,  .  .      Neglecting   the   expansion   of   the   glass,   this 

i  of  mercury  occupies  at  f"  the  same  volume  which  was 
by   W  grammes  of  mercury  when  the  temperature  was 

viz.  the  volume  of  the  apparatus.     Hence,  the  volume  of 

W 
w  grammes  at  (*  is   V'  =   .  ^    ^-r  -     But  if  K   rcpre- 

tihe  coeflScient  of  apparent  expansion,  we  have,  by  (239), 
F(l  +  K  0  >  ^^^  substituting  the  values  of  V  and  V\ 
If  by  reducing. 
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Dulong  and  Petit  found,  by  this  mediod,  tliat  Hie  apparast 
coefficient  of  expansion  of  mercury  in  the  common  glass  ot 
Paris  is  g^^^j  ;  but  evidently  this  coefficient  depends  on  the 
expansion  of  glass,  and  is  liable  to  all  its  variations  (245). 

(253.)  We  can  also  easily  determine  the  apparent  expanaon 
oF  mercury  by  a  thermometer-tube,  whose  stem  has  been  divided 
into  parts  of  equal  capacity  (221).  For  this  purpose,  ve  in 
the  first  place  ascertain  the  relation  between  the  volume  of  the 
reservoir  and  that  of  one  pf  the  divisions  of  the  tube  in  the  fol- 
lowing way :  — 

The  tube,  having  been  weighed,  is  partially  filled  with  mer 
cury,  and  the  point  on  the  lower  part  of  the  stem  at  which  the 
mercury  stands  in  melting  ice  is  carefully  marked.  Now  re- 
weighing  the  tube,  we  find  the  weight  of  mercury  which  the  tube 
and  bulb  contain  below  this  index-mark.  Call  this  weight  W, 
An  additional  quantity  of  mercury  is  then  introduced,  so  that, 
when  the  apparatus  is  again  immersed  in  ice-water,  the  columa 
stands  at  the  nth  division  above  the  mark.  A  third  weigliing  nof 
gives  the  weight  of  mercury  occupying,  at  0",  n  divisions  of  tta 

tube.      Call  this  weight  w ;    then  —  is  the  weight  of  mercuiy 

whicli  fills  one  division  of  the  tube.  Assuming  the  volume  of 
one  division  of  the  tube  as  our  unit  of  measure,  and  representing 
by  N'  the  number  of  such  units  of  volume  which  the  bulb  and 
tube  contain  below  the  index-mark,  we  have 

N'=  n  ^  ;  [177.] 

and  knowing  the  number  of  these  arbitrary  units  of  volume 
below  the  index-mark  on  the  tube,  we  can  by  simple  additioa 
or  subtraction  find  the  number  below  any  otlier  division.  Let  us 
represent  this  number  in  general  by  N, 

The  bulb  and  tube  having  been  thus  gauged,  in  order  to  meai- 
urc  the  apparent  expansion  of  mercury  we  have  only  to  deter- 
mine the  tiro  fxed  points^  as  in  making  a  thermometer  (218). 
The  number  of  divisions  on  the  stem  between  these  points  is  the 
number  of  units  of  volume  which  iV  units  of  volume  expand  be- 
tween O*'  and  100°.  Representing  by  n  the  number  of  divisioDi 
between  the  fixed  points,  we  have,  by  [166], 

iV+w=i\ra  +  tilOO),    whence     R  =  j^^;      [178,] 
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ich  is  tlie  coefficient  required.  This  method,  although  not  so 
curate  in  the  case  of  mercury  as  the  one  described  in  the  last 
tion,  is  much  the  more  accurate  of  the  two  for  other  liquids. 
^254.)  Relation  between  the  Apparent  and  Absolute  Coeffi- 
Hi  of  Expansion.  —  It  has  already  been  stated  (249),  that  the 
Mirent  increase  of  volimie  of  mercury  in  a  glass  vessel  is  equal 
the  actual  increase  of  volume  diminished  by  the  amount  of 
pansion  of  the  glass.  A  simple  algebraic  calculation  will  show, 
it  tlie  apparent  coefficient  of  expansion  of  mercury  is  also  equal 
the  absolute  coefficient  diminished  by  the  coefficient  of  expan- 
•n  of  the  glass.  Representing  these  quantities  respectively  by 
JT,  and  JT',  we  have,  in  every  case, 

ti  =  K—K*    (1),      or        Jr'  =  jr— K    (2);    [179.] 

that  we  can  always  calculate  either  coefficient  when  the  other 
o  are  known.  Now  the  absolute  coefficient  of  mercury  is 
lown  with  great  accuracy,  and  we  can  therefore  use  the  pre- 
sses described  in  the  last  two  sections  for  determining  the 
efficient  of  expansion  of  glass.  Indeed,  this  is  much  the  moFt 
curate  method  we  have,  and  the  careful  determinations  made 

Renault  of  the  coefficients  of  expansion  of  different  kinds  of 
iss,  and  of  the  same  glass  under  different  circumstances,  were 
iide  in  this  way. 

We  can  also  use  the  method  of  (252)  for  determining  the 
efficient  of  expansion  of  any  solid  not  acted  on  by  mercury, 
lien  the  coefficient  of  the  glass  used  is  known.  For  this  pur- 
ise,  a  weighed  amount  of  the  solid  (either  in  fragments  or 

the  form  of  a  bar)  is  introduced  into  a  glass  tube  closed 
:  one  end,  and  the  other  end  is  then  heated  in  a  lamp  and 
•awn  out  into  the  form  represented  in  Fig.  880.  The  tube  is 
sxt  filled  with  mercury,  and  the  experiment  conducted  in  all 
spects  as  described  in  (252).  We  shall  then  have  the  follow- 
g  data  for  calculating  the  coefficient  of  expansion  of  the  solid: 

the  weight  of  the  solid  (W^),  and  its  specific  gravity  (8); 

the  weight  of  mercury  in  the  tube  at  0"  (  W^'),  and  its  specific 
writy  (^) ;  8.  the  weight  of  mercury  in  the  tube  at  f"  (  W* — w); 

file  coefficients  of  mercury  and  glass  (JC  and  K'^.  Represent- 
g  also  by  x  the  unknown  coefficient  of  the  solid,  we  can  easily 
iCain  it  from  the  following  equation,  remembering  that  the  vol- 
ne  of  the  tube  either  at  0^  or  f"  must  be  equal  to  the  volume  of 
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the  enclosed  solid  plus  the  volume  of  the  mercury  it  contains 
at  the  temperature.     See  also  [56]  and  [166]. 

From  this  we  obtain  the  value  of  tlie  coeflScicnt, 

^=7  •  FT  +      Jw 6-jr-'     [^^^-1 

This  method  of  determining  the  coefficient  of  expansion  rf 
solids  admits,  in  many  cases,  of  great  accuracy.  It  was  used  hj 
Dulong  and  Petit  for  determining  the  coefficients  of  cubic  expan- 
sion of  iron,  platinum,  and  copper. 

(255.)  Laws  of  the  Expansion  of  Liquids.  —  The  fullest  in- 
vestigations on  the  expansion  of  liquids  have  been  made  by 
Kopp,*  in  Germany,  and  by  Pierre,!  in  France.  These  experi- 
menters followed  essentially  the  same  method.  They  deter- 
mined, in  the  first  place,  the  apparent  expansion  by  means 
of  a  thermometer-tube,  as  described  in  (253),  and  afterwards 
corrected  the  results  for  the  expansion  of  the  glass.  The  follow- 
ing are  the  most  important  facts  which  arc  known  in  regard  to 
the  expansion  of  this  class  of  bodies. 

Liquids,  like  solids,  expand  with  an  almost  irresistible  force, 
which  may  be  measured  by  the  mechanical  effort  required  to 
condense  the  expanded  liquid  to  its  initial  volume  (118).  For 
the  same  increase  of  temperature,  all  liquids  expand  more  than 
the  most  expansible  solid.  This  we  should  naturally  expect, 
from  (244),  because  liquids  are  more  compressible  than  solids; 
and  in  support  of  the  same  principle,  we  find  that  the  order  of 
expansibility  of  different  liquids  is  nearly  the  same  as  the  order 
of  compressibility,  although  by  no  means  identical  with  it  It 
may  also  be  stated  as  a  general  rule,  but  one  to  which  there  are 
many  exceptions,  that  the  most  expansible  liquids  are  those 
which  have  the  lowest  boiling-points  ;  this  is  especially  true 
in  regard  to  liquids  which  are  allied  in  their  chemical  proper- 


*  Poggendorff,  Annalen,  Band  LXXII.  S.  223.     Also  Ann.  Chem.  and  PhaWM 
Band  XCIV.   S.  257  ;  Band  XCV.  S.  307. 

t  Annales  de   Chimie  et  de  Physique,  3«  S^rie,  Tom.  XV.,  XIX.,  XX.,  XXI, 
XXXL,  *XXXII1. 
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ties.  The  difference  between  the  coefficients  of  expansion  of 
different  liquids  for  the  extreme  cases  is  very  great.  Thus, 
while  the  coefficient  of  mercury  is  only  0.00019  at  the  boiling- 
point,  that  of  aldehyde  is  0.002025,  only  one  third  less  than  that 
of  air.  The  amount  of  expansion  of  different  liquids  for  the 
same  interval  of  temperature  may  therefore  differ  immensely. 

The  rate  of  expansion  of  all  liquids  increases  with  the  tempera- 
ture ;  but  it  varies  according  to  different  laws  with  different  sub- 
stances, and  these  laws  appear  to  be  very  complicated.  Of  all 
liquids,  the  coefficient  of  expansion  of  mercury  increases  the  most 
slowly,  that  of  water  the  most  rapidly,  —  the  difference  between 
the  mean  rate  of  increase  in  the  two  cases  being  (according  to 
Beguault  and  Kopp)  as  28  to  1,408.  The  following  table,  which 
includes  also  a  few  of  the  results  of  Pierre's  investigation,  will 
illustrate  these  facts. 


Name  of  Liquid. 

V 

CoefHcipiit  of 
£xpuDt«ion  nt 
BoUiug-l'oint. 

0.000197* 

CoefAcient  of 

ExpaneioQ 

■tO^. 

MeMii  KHt«  of    1 
1  no  rwi  w  1  >c  t  vrwn ' 
0^  and  Doiiii.g-  . 
Poiut,  for  l^ 

0.02S 

BolMng- 
I'oint. 

1  Men-ury, 

1  Chloride  of  Amylc,    . 

0.000179* 

960 

0.001 093 

0.001171 

0.1 58 

101.75 

TcrebefiCi       . 

0.00132S 

0.000S96 

0.299 

161 

Ethylic  Alcohol, . 

0.001347 

0.001049 

0.364 

7R.8 

Methjlic  Alcohol,  . 

0.001491 

0.001185 

0.409 

€3 

Bromine, 

0.001318 

0.001038 

0.429 

63.04 

Tercfalorideof  Phosphorus 

0.001589 

0.001129 

0.521 

78.34 

Chbrofomi, 

0.001488 

0.0)1107 

0.543 

63.50 

Amy  He  Alcohol, 

0.001606 

0.000S90 

0.611 

131.8 

Diomide  of  Mcthvle,  . 

0.001. '359 

0.001415 

0.7S2 

18 

CUoridc  of  Silicon, 

0.00197.:i 

0.001294 

0.896 

69 

Mpharoas  Acid, 

0.001F20 

0.001496t 

1.154 

-3 

Aldehyde, 

0.002121 

0.001633 

1.288 

22 

Water, 

0.000765 

o.oooooot 

100 

It  has  been  found  in  a  few  cases,  that,  starting  from  the  boiling- 
poiiit,  the  volumes  of  liquids  belonging  to  the  same  chemical 
group  diminish,  as  the  temperature  falls,  very  nearly  at  the 
vune  rate.  By  this  is  meant,  that,  starting  with  equal  volumes 
rf  such  chenjiically  allied  liquids  at  their  boiling-points,  the  vol- 
Haes  also  will  be  equal  at  temperatures  equally  distant  from  these 
Roihts.     At  least,  this  was  observed  to  be  true  by  Pierre  in  five 

*  Oilcalated  from  Renault's  formtiln  [172]. 

t  TI|iJi  coeiSci**nt  of  HaU»linT»n<»  ncid  is  taken  at  — 25^.85. 

I  At  4^  or  point  of  maximum  densitv. 

44 
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Kparate  instances;  bat  unfortunatal;  these  groups  consi 
only  two  or  diree  liquids,  and  hence  no  general  conduei' 
be  drawn  teom  the  &cts. 

The  expansion  of  most  liquids  can  be  represented  by  a  1 
of  the  general  form  [171],  with  the  same  numerical  coe 
for  all  temperatures  between  the  limits  of  the  ezperimenl 
following  are  the  formulte  for  alcohol,  etiier,  and  oil  of  tiiq 
as  calculated  by  Kopp  from  the  results  of  his  own  experimi 

Alcohol,  Sp.  Gr.  =  0.80960 ;  B.  P.  =  IS' A ;  0"  to  79°.6. 

V=  1  +  0.00104139(  +  0.0000007836*»  +  0.00000001761 
Ether,  Sp."Gr.  =  0.73658  ;  B.  P.  =  M'.S  ;  0"  to  33'. 

r=l  +  0.00148026(  +  0.00000350316(»+0.0000000270< 

Oa  of  turpentine,   Sp.  Or.  =  0.88i  ;   B.  P.  =  150°  ;   g-.S  to  1( 

V=  1  +  0.0009003(  +  0.0000019595 r»  -\-  0.0000000045 

In  each  case  are  given  the  specific  gravity,  the  boiliug-poit 

the  limits  of  temperature  between  which  the  experiment 
which  the  formula  is  deduced  wen 
Strictly  speaking,  the  formula  onl; 
between  these  limits;  but,  nevcn 
it  can  be  used  without  any  im' 
error  for  temperatures  a  few  i 
either  above  or  below  the  extren 
its,  as,  for  example,  to  determi 
volume  of  a  liquid  at  the  boiling 
The  law  of  expansiou  which  an; 
liquid  obeys  may  also  be  cxprcs 
means  of  a  curve  applying  the  pi 
already  explained  in  (lOiJ).  Fi 
represents  three  such  curves,  tli 
mercury,  water,  and  alcohol.  H< 
numbers  on  the  liorizoutal  axis  i 
dcf^ecs  of  temperatiire,  and  tho  m 
on  tlie  vertical  axis  the  corresp 
amount  of  expansion,  expressed  i 
tioiis  of  the  unit  of  volume, 
curves  illustrate  several  of  the  tai 

stated.     It  is  evident,  for  example,  that  alcohol  expand; 

more  rapidly  than  either  of  the  other  two  liquids.     It  w 
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be  noticed,  that,  although  above  40^  water  expands  more  rap- 
idly than  mercury,  yet  below  this  temperature  the  order  is  re- 
versed. Moreover,  it  will  be  seen  that  the  curve  of  mercury  is  a 
straight  line,  showing  that  the  amount  of  its  expansion  is  propor- 
tional to  the  temperature,  or,  in  other  words,  that  the  rate  is  uni- 
form. (The  small  variation  which  actually  exists  is  not  sensible, 
oa  accoiuit  of  the  reduced  scale  of  the  figure.)  The  curve  of 
alcohol,  on  the  other  hand,  bends  in  towards  the  vertical  axis, 
indicating  that  its  rate  of  expansion  increases  with  the  tempera- 
ture ;  and  the  curve  of  water,  bending  much  more  strongly, 
points  to  a  still  more  rapid  variation. 

(256.)  Expansion  of  Liquids  above  the  Boiling-Point.  —  It 
is  a  well-known  fact,  that,  when  a  liquid  is  confined  in  a  strong 
and  hermetically-sealed  vessel,  its  temperature  may  be  raised  very 
greatly  above  its  boiling-point ;  and  it  becomes  a  very  interesting 
subject  of  inquiry,  whether  the  rate  of  expansion,  which  increases 
«o  rapidly  as  we  approach  this  point,  increases  with  equal  rapid- 
ity above  it.  This  subject  has  recently  been  investigated  by 
C.  Drion,*  and  he  has  arrived  at  the  very  remarkable  conclusion, 
that  under  these  circumstances  the  coefiicient  of  expansion  of  a 
liquid  not  only  increases  at  a  constantly  accelerated  rate,  but  also 
that  it  may  even  surpass  the  coefiicient  of  expansion  of  the  gases. 
The  experiments  of  Drion  were  made  on  chloride  of  etliyle, 
hyponitric  acid,  and  sulphurous  acid,  and  his  results  are  given  in 
the  following  table,  which  shows  the  coefficients  of  expansion  of 
all  three  liquids  at  the  temperatures  indicated. 


Coefficient  of  ExpaoMon. 

Temprattura. 

Chloride  of  Ethyle. 
B.  P.  =  IP. 

Sulphurous  Add. 
B.  P.  =  — 8°. 

Hxponitrio  Add. 
B.  P.  =  22°. 

o 

0 

0.001482 

0.001734 

0.001446 

20 

0.001699 

0.002029 

0.001596 

40 

0.001919 

0.002371 

0.001847 

60 

0.002202 

0.002846 

0.002230 

80 

0.002625 

0.003608 

0.002768 

90 

0.002910 

0.004147 

0.003081 

100 

0.003260 

0.004869 

110 

0.003690 

0.005919 

,          120 

0.004306 

0.007565 

f          130 

0.005031 

0.009571 

Coefficient  of  expansion  of  air  —  0.003661 

5. 

*  Annales  de  Chimie  et  de  Physique,  3*  S^rie,  Tom.  LVI. 
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It  will  be  noticed  that  the  coeffidents  of  all  three  liquids  in- 
crease with  very  great  rapidity  above  their  boiling^ints,  and  that 
those  of  the  first  two  soon  exceed  the  coefficient  of  air.  Tbe 
same  is  undoubtedly  the  case  with  hyponitric  add ;  but  it  was 
impossible  to  push  the  experiment  above  90^,  because  the  deep 
color  of  the  vapor  obscured  the  position  of  the  summit  of  the 
liquid  column  in  the  thermometer-tube. 

These  results  confirm  the  following  observation  made  by  Thi- 
lorier,  in  1835,  in  regard  to  the  expansion  of  liquid  carbonic 
acid,  which  has  been  hitherto  received  with  great  nustmst  on 
account  of  its  paradoxical  nature,  but  which  is  now  shown  bj 
Drioh  to  be  in  perfect  harmony  with  the  laws  of  liquid  expuu- 
sioii :  — 

"  This  liquid  presents  the  strange  and  paradoxical  fact  of  a 
liquid  more  expansible  than  the  gases ; in  a  word,  its  ex- 
pansion is  four  times  greater  than  air,  which  between  0**  aiid  SO* 
expands  only  2VV9  wliile  the  expansion  of  liquid  carbonic  add 
reduced  to  the  same  scale  amounts  to  j^."  * 

(257.)  Expansion  of  Water.  —  The  expansion  of  water  is  6r 
more  irregular  than  that  of  any  known  liquid,  although  the  total 
amount  of  expansion  between  (f  and  100^  is  comparatively  small 

This  fact  is  shown  by  tbe  table  on  page  617,  firom  wliich  it 
appears  that  the  coefficient  of  water  increases  as  the  temperature 
rises  vastly  more  rapidly  than  that  of  any  other  liquid  mentioned, 
although  this  coefficient,  even  at  the  boiling-point,  is  the  smallest 
in  the  table  with  the  single  exception  of  that  of  mercury ;  and  not 
only  does  the  coefficient  increase  with  this  unparalleled  rapidity, 
but  also  the  rate  of  increase  varies  so  irregularly,  that  it  has  been 
found  impossible  to  express  the  volume  of  water  at  different 
temperatures  by  any  single  empirical  formula.  All  this  is  true 
of  the  expansion  of  water  between  10**  and  100**,  and  below  10* 
the  expansion  is  still  more  irregular  than  it  was  above ;  for  water 
alone  of  all  liquids  has  a  point  of  maximum  density  above  its 
freezing-point  (4^  C),  and  from  this  temperature  it  expands, 
whether  it  be  heated  or  cooled. 

(258.)  Point  of  Maximum  Density.  —  This  last  fact,  which  is, 
so  far  as  we  know,  a  unique  property  of  water,  and  seems  to 
be  a  special  adaptation  in  the  plan  of  creation,  can  be  very  well 


♦  Anoales  de  Chimie  et  de  Physique,  2*  Serio,  Tom.  LX.  p.  427. 


■ated  by  meane  of  the  apparatus  represented  in  Fig.  S 
ipparatuB  is  GBsentially  a  largo  -water  tlicrmometer,  - 
flask  of  about  one  litre  capacity  form- 
le  bulb,  and  the  tube  being  secured 
ither  packing  in  a  brass  cap,  which 
3  into  a  collar  of  the  same  metal, 
ited  to  tlie  neck  of  the  flask  (see  Fig. 
The  temperature  of  the  water  in 
ask  is  given  by  a  thermometer  bus- 
d  from  a  book  on  the  under  side  of 
ip,  and  the  height  of  the  column  in 
ibe  is  observed  by  means  of  a  wooden 
di\-ided  into  millimetrcB,  counting 
a  zero-point  near  tlio 


end. 

his  apparatus  Is  placed 
old  room,  vhose  tom- 
ire  is  below  the  freez- 
)int,  and  carefully 
led,    the     column    of 

in  the  tube  will  be 
to  fall,  until  the  ther- 
:ter  in  the  flask  marks 

0°.     It  will  then  be 

lowest  point ;  for  as 

eniiierature  falls  still  rj  3.3  ,^,  jgj^ 

,  the  liquid  column 
jcgin  to  rise  in  tlie  tube,  and  continue  to  rise  until   the 

freezes,  although  by  keeping  the  ajiijaratus  perfectly  still 
ater  may  be  cooled  several  degrees  below  its  uurmal  frcez- 
>lnt  before  this  takes  place. 

3  course  of  this  very  remarkable  jthenomenon  may  l>c  bc^t 
sented  to  the  eye  by  means  of  a  curve.  In  Fig.  384,  the 
sas  of  the  curve  a  b  c  represent  dogrces  of  tempcratui-e, 
he  ordhiates  tlie   corresponding   height  of  the   column  of 

in  the  tnl>e  of  the  apparatus  (Fig.  382),  measured  from 
iro-mark  on  the  scale ;  and  it  will  be  noticed  that  the  curve 

towards  the  axis  of  abscissas,  reaching  its  lowest  point  at 
imperature  of  about  6°.  This  curve  does  not,  however, 
;ent  faithfully  the  variation   in  the  volume  of  the  water, 
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nnce  the  height  of  the  liquid  oolanm  in  the  tube  dependi  on  tha 
expaasioo  of  the  ^ass  as  well  as  on  that  of  tlie  enclosed  liquid. 
But  since  we  know  the  rolume  of  the  glan  flask  and  ita  eoeff- 
cient  of  ezponaon,  it  b  easf  to 
calculate  tlie  effect  produced  I7 
its  expaneiou  ;  and  tlius  wb  cu 
reduce  the  obserred  heights  of  tbe 
coluDui  of  water  to  what  fliej 
would  be,  were  Uic  volume  of  the 
vessel  ahsolutel; constant  Htbes, 
we  conetmet  a  curve  with  6tae 
corrected  bdghts,  we  shall  obtsin 
the  curve  adf,  which  repreeaiti 
accurately  tlie  Tariation  in  the  to)- 
nme  of  water  between  0*  and  16* ; 
aud  it  will  be  seen  tliat  the  liquid 
has  the  smallest  volume  (or  is  mast 
dense)  at  4°. 

There  is  another  singular  bet 
connected  with  this  pIieuomeDOo. 
Starting  from  tlie  point  of  mixi- 
mum  densitv,  tlie  rate  of  espannoi 
of  water  increases  with  very  nearly  equal  rapidity,  whether  i« 
boat  or  cool  tlie  liquid.  Tliis  is  illustrated  by  the  water  tl«r- 
niitniotcr  (Fig.  S80),  in  which,  as  before  described  (219),  the 
d,>)rrv>es  have  Itceu  proportioned  to  the  rate  of  expansion.  In  tlus 
Uiepinouioicr.  as  in  the  apparatus  of  Fig.  382,  the  water  will  be 
at  the  Kiwesi  |(oiiit  ut  li",  and  from  this  temperature  the  water  will 
ris»>  wht<lhor  ilio  iii^trumout  be  healed  or  cooled,  the  length  of 
Die  iL-srns:'*  in  either  case  rapidly  increasing.  The  temperatures 
li,'l,'w  11'  ar<.>  marked  i:i  the  figure  on  the  left-hand  side  of  tbe 
M';ilf  of  tlio  itistnuuoiit ;  but  here,  as  before,  the  phenomenon  is 
f'-M-unnl  liy  ibi>  ox;iaasiim  of  the  glass,  so  that  the  rate  of  expsn- 
ti-vi  i.>;i  eii'.u'r  >ii!i'  of  tlie  point  of  maximum  density  cannot  be 
tl.;wtly  oonnKir,-"!.  It  is  ovidonl.  however,  that  it  incrcsses  in 
Kitli  eaw's  with  irivat  nipidity :  and  were  the  tul»e  and  bulb  inei- 
[vinsilile.  the  lowest  pi>int  on  the  scale  would  be  -4°,  and  tbe 
tKyrees  on  either  sido  would  l«e  of  equal  lengths. 

T!u>   fact   that  water  has   a  poiut  of  maximum  density  ns 
firs-i  r.oiieed  l-y  the  Florentine  Academicians  as  early  as  W'O ; 
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but  the  phenomenon  was  first  carefullj  inves- 
tigated by  LefSbre  Oineau,  while  determining 
the  French  unit  of  weight,  at  the  close  of  the 
last  centiity  (12).    He  fixed  the  point  of  maxi- 
mum density,  bj  weighing  a  mass  of  brass  in 
water  (135)  and  comparing  the  loss  of  weight  at 
different  temperatures,  —  taking  care  to  reduce 
the  results  to  what  they  would  have  been  if  the 
Tolumo  of  the  brass  had  remained  absolutely 
constant.     He  found  that  water  was  most  deufo 
at  4°. 5  C,  and  this  result  was  confirmed  6ubse- 
quently  by  Hallstrom,"  who,  using  essentially 
tJie  same  process,  fixed  the  point  of  maximum 
density  at  4''.1.     Still  later,  I)eKpretz,f  in  a  very 
extended  investigation,   published  in  1839,  on 
the  expansion  of  water  from  — 9°  to  +100'*,  al- 
so fixed  the  point  of  maximum  density  at  4°. 
Despretz  used  in  his  experiment  thcrmometer- 
tnbes,  and  measured  the  change  of  volimie  by 
the  method  described  in  (253),  correcting,  of 
course,  the  observed  results  for  the  expansion 
of  the  glass.     These  observations  were  evidently 
exposed  to  all  the  uncertainties  connected  with 
tiie  expansion  of  glass,  already  noticed  (245) ; 
uid  since,  near  the  point  of  maximum  density, 
the  expansion  of  glass  bears  a  very  large  propor- 
tion to  that  of  water,  a  small  error  in  tlie  de- 
lennination  of  this  qiiantity  may  have  caused 
Ui  important  error  in  the  final  result.     In  order 
to  avoid  this  source  of  error,  Pliickcr  and  Geiss. 
ler,J  who  have  made  the  most  recent  investi- 
gations on  this  subject,  used,  thermometer-tubes 
Teiy  ingeniously  contrived  so  that  the  expansion 
of  mercury  should   correct   that   of  the   glass. 
They  found  it,  however,   impossible   to   deter- 
Bune    with     absolute    accuracy    the    point    of 

*  Anoalc*    dc    Chimie   et   de    Phjeiqae,  2*    Serie,   Tom. 
HVm.  p.  56. 
t  Compte*  Rendno,  Tom.  IV.  p,  1S4  ;   Tom.  X.  131 
t  Pog^doTff'»  Annalen,  Band  LXXXVL 
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nuximom  density  by  direct  obseiradoD  ;  but  they  cc»wlade4 
tliat  it  must  be  very  near  2,',%,  and  that  it  might  be  r^vM 
for  all  practical  purposes  as  at  4°  without  sensible  error.  lu- 
decd,  it  is  impossible  vitlx  our  present  methods  of  obserrotiw 
to  fis  tbe  point  of  maximum  density  vithin  a  quarter  of  ■ 
Centigrade  degree  ;  nor  is  tliis  important,  noce  the  Tolume  of 
water  does  not  vary  perceptibly  for  a  d^ree  on  either  side  of 
this  point. 

Fig.  386  gires  a  graphic  delineation  of  the  expannos  of  nter 
between  — 4°  and  +12°,  according  to  the  method  of  analytJcil 


geometry.  The  curve  drawn  with  a  heavy  line  has  been  plottrf 
from  the  rosnlts  of  Pliiiktr  and  Geissler.  and  that  with  a  Uglit 
lino  from  those  of  Dcsprclz.  The  abscissas  of  the  ciines  m 
tho  decrees  of  teuiperutm-e,  and  the  ordiitates  are  the  amounts  of 
oxjmnsion,  —  the  number  on  the  vertical  axis  being  in  each  case 
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many  miUionths  of  the  volume  at  0°.  It  will  be  noticed  that 
e  two  branches  of  the  curve  on  cither  side  of  the  abscissa  of 

are  similar,  showing,  as  stated  above,  that  the  expansion 
creases  at  the  same  rate  from  the  point  of  maximum  density, 
hcther  the  water  be  heated  or  cooled. 

This  provision  in  the  constitution  of  water,  that  its  point  of 
maximum  density  is  four  degrees  above  the  freezing-point,  is  one 
f  great  importance  in  the  economy  of  nature  ;  for  were  it  not 
>r  this  apparent  exception  to  an  otherwise  universal  law,  all  the 
londs  and  lakes  of  our  northern  climates  would  be  converted 
svery  winter  into  a  solid  mass  of  ice.  It  must  be  remembered, 
Jiat  all  liquids  are  p<k)r  conductors  of  heat,  and  that  they  can 
Dnly  be  heated  or  cooled  by  a  circulation  of  their  particles,  by 
which  each  in  its  turn  is  brought  in  contact  with  some  hot  or 
cx)ld  surface.  Hence  we  cannot  cool  a  liquid  by  removing  the 
beat  from  below.  The  lowest  stratum  of  liquids,  it  is  true, 
veadily  yields  its  heat;  but  since  its  density  is  thus  increased,  it 
■^mains  persistently  at  the  bottom,  and  then  its  poor  conducting 
power  comes  into  play,  and  prevents  the  escape  of  the  heat  from 
fte  great  mass  of  the  liquid  above.  We  can  easily,  however, 
5ool  a  liquid  by  removing  the  heat  from  the  upper  surface,  for 
hen  the  particles  of  liquid  sink  as  fast  as  they  are  cooled,  until 
be  whole  mass  is  reduced  to  a  luiiform  temperature. 

Such  a  circulation  as  this  takes  place  in  every  pond  as  the 
interns  cold  increases,  and  continues  until  the  temperature  of 
\e  mass  of  water  has  been  reduced  to  4®  ;  but  as  the  tempcra- 
ire  approaches  the  point  of  maximum  density,  the  circulation 
ackens,  and  is  entirely  arrested  when  that  point  is  fully  reached. 
he  surface  water  cools  still  lower,  and  finally  freezes  ;  but  then 
le  ice,  being  a  poor  conductor  of  heat,  and  floating  on  the  sur- 
kce,  serves  as  a  cloak  to  the  pond,  so  that  during  the  coldest 
inter  a  thermometer  will  always  indicate  a  temperature  of  4° 
*  sunk  only  a  few  feet  below  the  ice. 

If  water  had  been  constituted  like  other  liquids,  the  circula- 
on  just  described  would  have  continued  down  to  the  freczing- 
oint,  and  the  ice,  being  now  heavier  than  the  water,  would  have 
rst  formed  at  tlie  bottom  of  the  pond,  and  gradually  accumu- 
ited  until  the  whole  mass  of  water  was  frozen.  On  such  a  body 
f  ice  the  hottest  summers  would  have  produced  but  little  effect ; 
ad  as  now  during  the  winter  the  water  freezes  only  to  the  depth 
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of  a  few  feet,  so  then  during  the  sonuner  tlie  ice  would  onljhm 
melted  oa  the  surface.  Thus  it  is  that  tlie  order  of  creation  de- 
pends on  an  i^>parent  exception  to  a  general  law,  so  sli^t  and  so 
limited  in  its  extent  that  it  can  only  be  detected  by  the  most 
refined  experiments. 

A  point  of  maximum  density  has  not  been  observed  with  oe^ 
tainty  in  any  liquid  except  water ;  but,  nevertheless,  it  is  possible 
that  such  a  point  may  exist  in  a  few  melted  metals,  such  as  cast- 
iron,  antimony,  and  bismuth,  which,  like  water,  expand  on  becom- 
ing solid.  These  substances,  however,  are  liquid  only  at  high 
temperatures,  at  which  it  is/ impossible  to  make  accurate  meas- 
urements. On  the  other  hand,  it  has  been  proved  in  the  case  of 
many  liquids,  which,  like  olive-oil,  contract  on  solidifying,  tint 
there  is  no  point  of  maximum  density. 

Despretz  has  carefully  studied  *  the  effect  of  salts  dissolved  in 
water  on. its  point  of  mRTimum  density.  He  found,  in  general, 
that  aqueous  solutions  have  a  point  of  maximum  density,  whidi 
may  be,  however,  below  the' normal  freezing-point  of  the  sdiutioa 
when  the  quantity  of  salt  dissolved  is  considerable.  The  point 
of  maximiun  density  sinks  very  nearly  in  proportion  to  the  quan- 
tity of  salt  dissolved,  and  more  rapidly  than  the  freeziug-pomt, 
so  as  finally  to  fall  below  it  (271).  A  table  will  be  found  in  the 
memoir  just  referred  to,  giving  the  point  of  maximum  density, 
as  well  as  the  freezing-point,  in  solutions  of  various  salts  at  dif> 
ferent  degrees  of  concentration. 

(259.)  Volume  of  Water  ai  different  Temperatures.  —  Several 
experimenters,  but  especially  Despretz,  Pierre,  and  Kopp,  have 
determined  the  volume  of  the  same  quantity  of  water  at  differ- 
ent temperatures  between  — 15**  and  100** ;  and  then,  by  means 
of  interpolation  formulae,  calculated  the  volume  for  every  degree 
between  these  limits.  The  volumes  and  corresponding  specific 
gravities,  as  thus  calculated  by  Kopp,  are  given  in  Table  XVI. 
As  already  stated,  it  is  impossible  to  express  the  volume  of 
water  at  all  temperatures  by  any  single  formula ;  but  the  fol- 
lowing formulae  will  give  the  volume  very  closely  over  an  in- 
terval of  twenty-five  degrees.  The  first  of  these  was  calculated 
by  Praukenhcim  irom  Pierre's  experiments,  the  rest  are  by 
Kopp. 


*  Comptes  Rendof,  Tom.  IV.  p.  435. 
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kUtweeaOi  — l^""  and  0*", 

V=  1  —  0.00009417*  +  0.000001449^  —  0.0000005985  <». 

;etween  0"*  and  25*", 

V=  1  —  0.000061045^  +  0.0000077183^'  —  0.00000003734^ 

between  25**  and  50% 

V=  1  —  0.000065415<  +  0.0000077587^  —  0.000000035408  <•. 

ktween  50*  and  75**, 

V=  I  +  0.00005916*  +  0.0000031849^  +  0.0000000072848<'. 

Between  75**  and  100**, 

F=  1  +  0.00008645  <  +  0.0000031892  <«  +  0.0000000024487  <«. 

(260.)  The  Coefficient  of  Expansion  of  Water.  —  We  have 
assumed  that  tiie  coefficient  of  expansion  of  a  substance  at  any 
giyen  temperature,  t,  is  the  small  fraction  of  its  volume  by  which 
one  cubic  centimetre  of  the  substance  will  increase  when  heated 
from  f^io  (t-^-  ly  ;  and  this  assumption  is  sufficiently  correct  in 
the  case  of  most  substances,  for  we  may  regard  the  rate  of  expan- 
sion as  constant  through  one  degree.  The  coefficient  of  expan- 
rion  of  water,  however,  increases  so  rapidly,  that  we  cannot 
without  error  regard  it  as  absolutely  the  same  even  for  one 
degree ;  and  we  must  therefore  define  the  coefficient  of  water 
at  any  given  temperature,  /**,  as  the  small  fraction  of  its  volume 
by  which  one  cubic  centimetre  would  expand ,  when  heated  from 
f  to  (^  + 1)**,  if  the  rate  of  expansion  were  the  same  during  the 
interval  that  it  is  at  f. 

We  easily  obtain  from  [166],  for  the  value  of  the  coefficient  of 
expansion  at  any  given  temperature,  ty  the  value 

n  which  V  is  the  volume  of  the  liquid  at  a  given  temperature,  tj 
md  V*  the  volume  at  a  temperature,  /',  a  few  degrees  higher, 
fhis  formula,  like  our  first  definition,  assumes  that  the  coefficient 
B  constant  between  t  and  t'  degrees.  We  may  evidently,  how- 
iver,  conform  the  formula  to  the  definition  just  given,  by  making 
he  interval  of  temperature  /'  —  t  infinitely  small.  It  may  then 
«  fixpressed  by  d  /,  and  the  corresponding  difference  of  volume, 
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or  V  —  F,  will  he  dV.     Making  these  Babstitutioiu,  [18S] 
becomes  " 

jr=f  .g.    .  pes.];; 

d  V 
Since  now  we  can  easily  obtain  fhe  value  of  -^   by   difer»^j 

tiating  one  or  the  other  of  the  values  of  F  on  page  527,  we  en 
easily  calculate  the  coefficient  of  expansion  of  water  at  any  giva 
temperature,  by  simply  dividing  this  differential  coefficient  by  lb. 
value  of  V  for  the  given  temperature,  calculated  by  means  of  the  ] 
formula  just  referred  to.     Such  calcidations  would  show  that.] 
the  coefficient  of  expansion  of  water  vuies  from  zero  at  the 
point  of  maximum  density  to  0.00076487  at  100**,  the  rate  of 
expansion  increasing  far  more  rapidly  than  that  of  any  otber 
liquid  known. 

Expansion  of  Gases. 

(261.)  Tlie  differences  between  the  amounts  of  expansion  d 
different  gases  for  the  same  increase  of  temperature  are  fiur  \m 
than  with  .either  liquids  or  solids ;  indeed,  tliey  are  so  small,  tfan^ 
previous  to  the  refined  investigations  of  Regnault  on  this  8ub> 
ject,  the  coefficient  of  expansion  of  all  gases  was  supposed  to  be 
absolutely  the  same.  The  annexed  table  gives  tlie  results  of 
Regnault's  determinations  of  the  coefficients  of  expansion  of  a 
few  of  the  best-known  gases  ;  and  it  will  be  noticed  that  the 
coefficients  of  the  first  four,  which  have  not  yet  been  condensed 
to  liquids,  are  all  sensibly  the  same,  wliile  the  coefficients  of  the 
last  three,  all  condensible  gases,  are  considerably  greater,  and 
the  greater  in  proportion  to  the  readiness  with  which  they  may  be 
condensed. 

Coefficients  of  Expansion  of  Gates, 

Undar  Und« 

Oooftent  VotoiMb       rpiMram  Pi—ui 

Air, 0.003665  0.003670 

Nitrogen,    .        .         .*       .  0.003668  0.003670 

Hydrogen,      ....  0.003667  0.003661 

Oxide  of  Carbon,        .        .  0.003667  0.003669 

Carbonic  Acid,                         .  0.003688  0.003710 

Cyanogen,  ....  0.003829  0.003877 

Sulphurous  Acid,    .        .        .  0.003845  0.003903 


i 


first  four  coefBciente,  those  of  the  constituents  of  air  and 
may  be  regarded  as  identical,  at  least  for  all  practical 
iB  ;  and  if  considered  equal  to  0.003666+,  the  expansion 

hundred  degrees  will  be  represented  by  the  vulgar  frac- 
,  which  can  be  easily  remembered.  In  like  manner,  the 
ioQ  for  one  degree  may  be  represented  very  closely  by  the 

fraction  jf  j.  .  Hence  273  cTm.'  of  any  permanent  gas  at 
me  274  c.~m.*  at  1° ;  and  if  we  assume  tiiat  the  expansion 
:tly  proportional  to  tlie  temperature,  they  will  become 
■  /)  cTm.'  at  t".  Moreover,  representing  by  V  any  volume 
rmanent  gas  at  0°,  wo  shall  have  by  [106],  for  the  volume 
le  expression, 


V=V  (1  +  0.0 


60- 


[184.] 


lues  of  (1  +  0.00366  i)  for  every  tenth  of  a  degree  from 

40°,  with  their  corresponding  Ic^^thms,  are  given  in 
XI.  and   Xn.  for  convenieuce  of  computation. 
coefficient  of  expansion  of  a  gas  may  be  estimated  in  two 

In  the  first  place,  wc  may  measure  the  increase  of  volume 
the  gas  undergoes,  supposing  the  pressure  on  tlie  gas  to 

constant  while  the  volume  expands ;  or,  in  the  second 
keeping  the  volume  the  same,  we  can  measuTe  the  in- 
tension which  the  gas  exerts  owing  to  the  increased 
iture  ;  and  we  can  then  calculate  by  [98]  what  would 
een  the  increased  Tolume  had  the  gas  been  allowed  to 
.  The  difference  between  tliese  two  methods  will  be  better 
»od  by  experimental  illustration, 
ig.  387,  £  is  a  glass  globe 
;  from  1,000  to  800  cHi' 
3Ctly  dry  gas,  whose  coeffi- 
f  expansion  is  to  be  meas- 

This  globe  is  filled  by 
ting  the  air  by  means  of 
pump,  connected  by  a  flex- 
>se  with- the  tube  p,  and 
llowing  the  gas  to  enter 
1  tubes  filled  with  pumice- 
moistened  with  sulphuric 
•  with  chloride  of  calcium,  "«.  bbi. 

istances  which  have  a  very  strong  attraction  for  water  (se 
45 


admtted, 
m  &e  ^akm  and  the  eoa- 
drr.  The  connectioi 
dosed  br  tnniiiigt 
ikrte-wmg  siap^adk  at  c  i  ■■Fat,  kwver.  &e  coniiection  be- 
twittn  tbe?  gfacieaai  Ae  ■■■iiMiri  fhr  m^yrtilloiieiL  Tb 
muxewexkm  of  tUs  ■■Maeter  ku  alrndr  teen  described 
n«^,  2>.  Wtem  Ike  appnttv  tei  bees  diiis  filled  vith  i 
gu .  the  coefieiem  of  cxpuaom  ■»-  te  leadilj  detenniiied  l)j 
either  of  the  tro  inffhfwb  jast  meaAmtd^ 

Pirn  Mf,tkoi.  We  becm  &e  detenunauioii  bj  sarToandiog 
the  ^j^je,  supported  m  a  copper  teller,  as  represented  in  the 
figure,  with  poiuMkd  iee,  so  as  to  reduce  tte  temperature  of  tbe 
enclosed  gas  to  9*.  We  then  r^gnlale  tte  qoanthr  <^  meiciuy 
in  tte  manometer  so  diat  tte  onlnmns  in  tte  two  tntes  dial 
stand  at  tte  same  height,  as,  tar  eacample, «,  wfaidi  is  cireiiill^ 
notod.  This  is  readOr  eflected  fajr  chher  drawing  out  mercorf  it 
tte  lower  stopcock,  or  te  pouring  it  in  at  tte  mouth  <^  die  opes 
tnte.  Wten  tte  adjustment  is  perfisct,  we  bund  a  fire  unda  te 
cqaper  teiler  and  surround  Ae  0ote  wiA  steam,  bj  which  Ae 
temperature  of  Ae  gas  is  soon  raised  to  100*.  The  increued 
elaKticitv  of  the  gas  due  to  tte  increased  temperature  will  drn« 
out  a  fiortion  into  the  manometer-tute,  forcing  down  tte  mercoiy- 
column.  A  quantity  of  mercury  is  now  drawn  off  at  the  lower 
stopcock,  until  the  columns  in  the  two  tubes  again  stand  at  die 
same  level.  When  this  is  tbe  case,  the  gas  is  exposed  to  the 
same  pressure  as  before,  and  we  tten  read  off  the  increased 
volume  by  means  of  graduations  on  the  tute  provided  for  the 
purjx)se. 

Let  U8  represent  the  observed  increase  of  vohime  in  this  experimeot 
by  v,  and  let  us  assame  that  tte  pressure  of  tte  atmosphere,  as  indi- 
cated by  the  barometer,  remained  constant  at  76  c  m.  during  the  ex- 
fieriment  If  now  we  represent  the  volume  of  air  in  tte  globe  at  0*  by. 
V,  it  is  evident  that,  if  heated  so  that  it  could  expand  freely,  this  votome 
would  become  at  100*»,  T  (1  +  JT 100) ;  an  expression  in  which  JT  i»  the 
coefficient  of  expansion  required.  In  the  apparatus  tefoie  us,  howewij 
the  excess  of  gas  due  to  the  expansion  escapes  into  the  tute  da(^  where 
it  iH  exposed  to  a  much  lower  temperature.  Call  this  temperature,  iHw* 
is  always  carefully  observed,  f.  The  volume  of  this  small  amount  of  gMi 
had  its  temperature  teen  maintained  at  100^,  would  evidently  teve  bctt 
^{\+K{\QO  —  <J),  «>  that  we  teve  the  equation 
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F  (1+^100)=  r+t;(l+^[100— /])  [185.] 

must  be  remembered,  however,  that  the  glass  globe  expands  as  well  as 
e  gas,  and  therefore  contains  at  100°  a  larger  volume  of  gas  than  at  0°. 
his  increased  volume  can  be  readily  calculated  from  the  coefficient  of 
Lpansion  of  glass  (K'),  and  is  V  {\  -{-K^  100).  Substituting  this  value 
IT  Fin  the  second  member  of  [185],  we  obtain 

F(l+iriOO)=  F(l+ir'100)  +  i;(l+^[100  — r]); 

rhich  gives,  for  the  coefficient  of  expansion  of  gas  under  constant  pres- 
vre,  the  value 

^  lOOFiT'+r  p.^^^ 

Second  Method.  In  order  to  determine  the  coefficient  of  ex- 
pansion by  the  second  method,  we  arrange  the  apparatus  exactly 
18  before,  so  that  the  mercury  stands  at  the  same  level  (a.  Fig. 
87)  in  both  tubes  of  the  manometer  when  the  globe  is  sur- 
ounded  by  ice.  We  then,  as  before,  raise  the  temperature  of 
be  globe  to  100** ;  but  instead  of  allowing  the  gas  to  expand  into 
be  tube  da  a,  we  pour  mercury  into  the  tube  fi  y,  in  order  to 
alance  tlie  increased  tension  of  the  gas  and  retain  the  volume 
onstaiit.  Lastly,  we  carefully  measure,  by  means  of  a  cathe- 
)meter,  the  difference  of  height  (a,  y)  of  the  mercury  columns 
1  the  two  tubes  of  the  manometer ;  and,  having  observed  the 
imperature  of  the  apparatus,  reduce  the  observed  height  to 
'hat  it  would  have  been  at  0**.  Represent  this  height  by  Aq. 
knowing  now  the  volume  of  the  globe  at  0°  (  F'),  the  height  of 
he  barometer  at  the  time  of  the  experiment  (fii),  and  the  co- 
fficient  of  expansion  of  glass  (-ffO?  ^^  li^L^e  all  the  data  required 
)r  calculating  the  coefficient  of  expansion  of  air. 

When  the  globe  was  at  0**,  the  gas  was  exposed  to  the  pressure  of  the 
tmosphere,  or  Bq  ;  but  afler  the  globe  had  been  heated  to  100°,  the  pres- 
ure  required  to  retain  the  volume  of  the  gas  the  same  as  before  was 
J^-^hf,  We  can  now  easily  calculate  from  Mariotte's  law  [98]  what 
roald  be  the  volume  of  this  gas  if  exposed  only  to  the  pressure  of  the 
tmosphere ;  in  other  words,  if  allowed  to  expand  freely.  It  will  be  found 
ibe 

V'  =  V  ^+J? .  [187.] 

■"0 

lot  by  [166]  the  increased  volume  of  the  gas  at  100°,  or  F',  is  also  equal 


.i—x:ym\.m'^Lr{i+KiQO)=  r^x***,   We 


Ab  iQbnie  of  the  gu  hM  been  lfpl^ 

fOHMBk,  il  has  nol  bem  so  in  mGlj, 

rf'Aei^^UwL    Id ooiueq(iD[«ftoo of tliis ezpn- 

IWrk  F(IH-^'IOO);  and  tliii Tilie 

far  F  m  the  aeoond  meoiber  of  the  kit 


3  —  X»D=(1+*^  100)  ^i^^  ; 

]Ml,«e  iHKfe  aflBumed  that  die  pranorerf 

Ab  experiment*    When  tfiis  is  sot 

be  made  in  the  ibnnnke^    Moi^ 

ef  dme  OMthods,  oertain  pieeaotkai 

be  immd  dencribed  at  length  bi  B^naolA 

wwell  aa  the  pecnIiAr  modifieatioDS  rf 


<^rS±.^  Grmerd  Rtfrntt  — Begnault  fonnd  tliat  the  two  meth- 
ods Jhi«3  ie^irribed  for  determiiiiiig  the  coefficient  of  expansion  of 
c:a:?e>  T5ejit>i  51u:)ii1t  diflei^nt  results.    This  will  be  seen  by  re- 
currlniT  to  the  ui*le  on  page  52&    The  first  column  gives  the 
o.»r£oweiiT  a5  deTormined  fixm  the  increased  elasticity,  the  volume 
re:aiiniiii:  v\v.i>iA:it.     The  second  columu  gives  the  coefficient  as 
d^^cTniiiit^l  in>m  t}ie  increased  volume,  the  pressure  remaining 
c\^u5T^iuT.     Ii  will  lie  noticed  that  the  difference  between  the 
tro  re<uh5«  aiihougfa  veir  small  with  the  permanent  gases,  is 
qu::e  largv^  with  those  diat  can  be  easily  reduced  to  tlie  liquid 
st;au^  «  and  it  will  be  remembered  that  it  is  these  very  gases  which 
yii\d  nu%si  rvadily  to  compression,  and  hence  deviate  most  mtfk- 
i\i!.v  frvv.n  iho  law  of  Mariotte.    Moreover,  the  fact  that,  with  the 
ox**>:>iio!i  of  hvJrocen,  the  coefficients  under  constant  volume 
a:v  loss  ili.ui  tlu>so  under  constant  pressure,  is  easily  explained. 
In  the  niotluvl  employed,  the  gases  are  exposed  to  a  greater 
px\ssun»  ai  liVV'  than  at  0"      By  this  pressure  they  are  con- 
doasod  more  ihan  we  assumed  by  applying  tlio  law  of  Mariotte 
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n  our  calculation  as  if  it  were  exact,  and  consequently  the  effect 
>f  the  increased  temperature  is  really  greater  than  appears.  In 
>ther  words,  the  mercury-column  Ao  measures^  not  simply  the 
ncreased  tension  of  the  gas  caused  by  the  increased  temperature, 
mt  the  difference  between  the  increased  tension  and  the  in- 
creased compressibility.  In  the  case  of  hydrogen,  which,  unlike 
all  other  gases,  is  compressed  less  than  the  law  of  Mariotte  re- 
quires, the  variation  is  in  the  opposite  direction.  (Compare 
page  296.) 

Regnault  also  discovered,  what  indeed  might  be  inferred  from 
{he  facts  already  stated,  that  the  coefficients  of  expansion  of  all 
gases  except  hydrogen  increase  with  the  pressure  to  which  they 
are  exposed.  The  greater  the  pressure  on  a  mass  of  gas,  and 
hence  the  greater  its  density,  the  greater  is  the  amount  of  its 
expansion  for  the  same  difference  of  temperature ;  and,  on  the 
other  hand,  the  less  the  pressure  and  density,  the  smaller  the 
amount  of  expansion.  The  coefficient  of  expansion  in  any  case 
increases  with  the  pressure  in  proportion  as  the  compressibility 
of  the  gas  deviates  from  the  law  of  Mariotte,  and  hence  the  dif- 
ferences between  the  coefficients  of  different  gases  are  the  more 
decided  tlie  greater  the  pressure  to  which  the  gases  are  exposed. 
On  the  other  hand,  as  the  pressure  diminishes,  the  coefficients  of 
expansion  of  different  gases  approach  equality ;  and  it  is  probable, 
therefore,  th^t  all  gases  in  the  state  of  extreme  expansion  would 
have  the  same  coefficient.     (Compare  page  297.) 

It  appears,  therefore,  that  all  gases  have  the  same  coefficient  of 
expansion,  in  so  far  as  they  obey  the  law  of  Mariotte.  In  the 
Case  of  those  gases  which  have  not  been  liquefied,  and  which  con- 
form very  closely  to  Mariotte' s  law,  the  coefficients  of  expansion 
imder  the  pressure  of  the  atmosphere  are  sensibly  equal,  and 
Bven  in  the  case  of  the  condensible  gases  the  differences  are 
rery  small,  amounting  in  no  case  to  more  than  three  units  in  the 
fourth  decimal  figure.  We  may  therefore  say  that  the  coeffi- 
cient of  expansion  of  all  gases  under  the  pressure  of  the  atmos- 
phere is  equal  to  0.0036,  within  three  ten-thousandths. 

(263.)  Air- Thermometer,  —  We  .have  seen  that  the  defects 
of  the  mercury-thermometer  arise  from  two  causes  ;  first,  the 
dowly  increasing  rate  of  expansion  of  mercury  as  the  tempera- 
ture rises,  and,  secondly,  tlie  irregular  and  uncertain  expansion 
t)f  the  glass  bulb.     Botli  of  tliese  defects  may  bo  avoided  by  using 

46* 


5S4 


CHEinCAL  PHTSIC8. 


air  as  the  tliennometric  material :  ttie  first,  becanse  the  expan- 
sion of  air  is  exactly  proportional  to  the  temperature  ;  uid  tiH 
second,  because  the  expansion  of  air  is  so  much  greater  than  tbit 
of  glass  that  the  irregularities  in  the  expansion  of  the  latter 
maj  be  overlooked.  It  is,  however,  by  no  means  so  easy  to  meas- 
ure the  volume  of  a  gas  as  that  of  a  liquid.  The  volume  of  i 
liquid  is  not  affected  by  the  changing  pressure  of  tlie  atmos- 
phere, while  that  of  a  gas  is  ;  so  that  wliile  a  small  increase  in 
the  volume  of  a  quantity  of  mercury  enclosed  iu  a  common  the^ 
monieter  can  be  measured  by  the  mere  inspevtion  of  the  diris- 
ioiis  on  the  stem,  the  amount  of  expansion  of  a  quantity  of  air 
coiittncd  in  a  glass  bulb,  althoi^h  much  larger,  can  only  be 
dott'nnined  with  certainty  by  a  tedious  process,  occupyiog  ser- 
oral  hours.  Thus,  although  with  an  air-therraometer  we  can 
nioaiitiro  temperatures  with  accuracy  to  the  liuudredth  of  a  Cenli- 
^raih^  degree,  yet  it  requires  a  day  to  make  a  single  observation. 
TUo  air-thermometer  is,  therefore,  of  no  use,  except  in  the  ft» 
oases  which  require  the  very  highest  degree  of  scientific  precisioa. 
lu  such  cases  it  is  an  luvaluable  instrument;  but  even  then, u 
in  all  other  scientific  measurements,  the  greatest  attainable  acoi- 
mi'V  can  only  be  gained  at  the  cost  of  time,  labor,  and  skiJl. 


(I'iM.'l  Kri^tMii/l's  Air-Thermometer.  —  The  air-thermometer, 
whii'h  IS  used  oiily  in  dolicato  measurements  of  temperature. » 
represoiit.-d  in  yiLrs.  ;!S8  and  389.  It  consists  of  a  cylindrical 
reservoir  of  glass,  B,  oiwning  uito  a  capillary  tube  bent  at  right 
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i  and  drawn  out  to  a  fine  point.  In  order  to  estimate  tem- 
ires  with  this  instrument,  it  is  first  filled  b;  means  of  an 
mp  and  drying-tuhes,  as  shown  in  Fig.  388,  with  perfectly 
r,  and  then  exposed  to  the  temperature  to  be  measured, 

we  will  call  T°,    When  an  equilibrium  of  temperature 
een  established  between  the  thermometer  and  tlie  heated 
jice,   the   fine    opening    is   closed 
I  blowpipe,  and  at  tlio  same  time 
eight  of  the  barometer  is   noted, 

we  will  call  H,.  The  air  in  the 
ometer  is  now  expanded  to  the 
,  corresponding  to  T',  and  the  next 
a  to  ascertain  the  amount  of  this 
sion,  since  we  can  easily  calculate 
his  the  temperature  T".  For  tins 
ie,  we  place  the  thermometer  upon 
;tallic  support  represented  in  Fig. 

The  reservoir  of  tlie  thermometer 

ipon  three  brass  knobs,  and  is  kept 

^lace  by  means  of  a  binding  screw, 

ube    of   the    thermometer  passes 

;h    a  hole   in   the   centre   of    the 

stage  A,  and  the  end  dips  under  ncsse. 

try  contained  in  tlie  glass  dish  C, 

ent  end  of  the  tube  is  adjusted  opposite  to  an  iron  spoon,  a, 

with  wax,  which  can  be  pushed  forward  on  its  support,  s, 

to  close  the  end  of  the  tube  while  under  mercury,  when 
iary.  These  adjustments  having  been  completed,  the  tip 
f  the  tube  is  broken  off  with  a  pair  of  pliers,  wlien  the 
iry  immediately  rushes  up  into  the  thermometer  and  par- 
fills  it.  The  thermometer  is  next  surrounded  with  pulver- 
:e,  which  is  piled  up  on  the  stage,  G ;  and  when  the  we  in 
iserroir  has  fallen  to  0°,  the  end  of  the  tube  a  is  carefully 
ed  up  by  means  of  the  wax  in  the  iron  spoon,  and  at  the 
time  the  height  of  the  barometer  (-ff')  is  carefully  not«d. 
le  is  now  removed,  and  wiien  tlie  temperature  of  the  mer- 
n  the  thermometer  has  been  restored  to  that  of  the  air,  the 
;  of  the  mercury  in  the  thermometer  above  that  in  the 
oir  is  carefully  measured.  We  will  call  it  A  ,■  and  hence 
r  in  the  thermometer,  at  the  moment  the  tube  was  plugged 


W'—W    H,—K 


^  '  •*  and  0°. 

UTi nr       TTt  I 

^- —  •  — \j — ?  (1  -|-  A"  T')  =  volume  which  same  air  would  hare 

under  H^c  m.  and  7^. 

By  the  conditions  of  the  problem,  this  volume  of  air  just  filled  the  the^ 
mometer  at  T^  and  under  barometric  pressure  /^;  hence 

0  //q  O 

tj  of  thermometer  at  T^ ; 
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with  wax,  must  have  been  exposed  to  the  pressure  of  H'  —  L 
This  measurement  is  easily  made  by  means  of  a  cathetometer 
and  the  screw  g*,  in  the  manner  previously  explained  in  connee- 
tion  with  Renault's  barometer  (159). 

It  is  next  necessary,  in  order  to  determine  the  temperature  to  wbidi 
the  thermometer  has  been  exposed,  to  ascertain,  first,  the  volume  of  air 
remaining  in  the  thermometer  after  contraction,  and,  secondly,  the  volume 
originally  contained  in  it.  For  this  purpose,  the  thermometer  is  remoTed 
from  its  support  and  weighed ;  call  this  weight  W,  The  thermometer  is 
then  fiUed  completely  with  mercury  at  0^  and  weighed ;  call  this  seoood 
weight  W.  Lastly,  it  is  completely  emptied,  and  the  glass  weighed  bj 
itself;  call  this  last  weight  fD,  We  have  now  all  the  data  for  calcokdii; 
the  amount  of  expansion  of  the  air,  and  consequently  the  tempentme 
required.  Before  conunendng  the  calculation,  we  must  reduce  the  ob* 
served  heights  of  the  barometer  {HbxA  H')  and  mercnry-oolumo  (A)  to 
0^  by  the  method  given  in  (251).  We  will  call  these  corrected  hagfati 
H^  H'^  Af    We  can  then  readily  calculate  the  following  quantities. 

W'  —  IP  =  weight  of  mercury  which  fills  the  thermometer  at  0®. 

IT"!  IP 

— =  capacity  of  thermometer  at  0**  when  d  =  Sp.  Gr.  of  merany. 

Q 

W w 

r (l-^-K'  T^  =  capacity  of  thermometer  at  T°,  when  K'=^  co- 
efficient of  expansion  of  glass. 

IT  —  If  =  weight  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperature  of  the  thermometer  being  0". 

if   — ^  11* 

—  --  =  volume  of  mercury  which  entered  the  thermometer  on  break- 
ing the  tip,  the  temperature  of  the  thermometer  being  0®. 

U"/ jf 

=  volume  of  air  in  the  thermometer  at  the  moment  of  plugging 

with  wax,  exposed  to  a  pressure  II'q  —  h^  and  to  a  tem- 
perature of  0®. 


=  volume  which  same  air  would  have  under  76  cm.    i 


r 
Put 

m  = 
lod  we  have 
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l+JTT         W'—W         B^—K 


\^KT  W  —  w  H, 


[189.] 


"r^^    •    ^'h^^'    ^^    iir=  0.00367;    [190.] 

^  =  ^aoo367^=jf'-  [191.] 


By  means  of  [189]  and  [190]  we  can  easily  calculate  the  temperature 
ftaok  the  experimental  data.  The  coefficient  of  expansion  of  glass  is  the 
only  uncertain  element  which  enters  into  the  calculation.  When  the  thcr- 
■ometers  are  made  of  the  common  crown-glass  of  Paris,  the  coefficieiits 
rf expansion  may  be  taken  from  the  table  on  page  497,  estimating  roughly 
fte  required  temperature,  as  can  ca.'iily  be  done  by  means  of  a  common 
■ocury-thermometer.  When,  however,  such  thermometers  cannot  be 
Alaiiied,  it  is  best  to  have  a  number  made  from  the  same  pot  of  glass, 
ad  ascertain  carefiilly  the  coefficient  of  expansion  of  this  glass  between 
ft  and  every  fifty  degrees  up  to  850®.  These  coefficients  can  afterwards 
hosed  in  all  experiments  with  the  same  set  of  thermometers. 

(265.)  By  substituting  T  for  100,  we  can  easily  obtain  from 
[186]  and  [188],  by  transposition,  the  value  of  Tin  terms  of  tho 
efficient  of  expansion  of  air;  and  since  this  coefficient  is  accu- 
"ately  known,  either  of  the  methods  of  (2G1)  may  be  used  for 
letermining  temperature.  The  form  which  has  been  given  by 
iegnault  to  the  manometric  apparatus,  when  used  for  this  pur- 
pose, has  already  been  represented  in  Fig.  273.  The  glass  tube 
t  b  Cj  which  serves  as  an  air-thermometer,  is  closed  by  a  stopcock 
',  and  can  be  connected  to  the  manometer  by  a  bras^s  collar  of 
leculiar  construction,  as  before  described  (see  Figs.  274  and  276). 
Phe  air-thermometer  having  been  exposed  to  the  temperature  to 
^  measured,  the  stopcock  r  havhig  been  closed  at  the  moment  of 
ilwiervation,  and  the  height  of  the  barometer  noted,  we  can  easily 
letermine  the  temperature  in  the  following  way. 

In  the  first  place,  mercury  is  poured  into  the  manometer  at  K  until  the 
*he  h  gf  is  completely  filled,  and  when  the  mercury  begins  to  drop  from 
lie  open  end  atyi  the  air-thermometer  is  connected.  The  thermometer  is 
low  surrounded  with  melting  ice  in  order  to  reduce  its  temperature  to  0°, 
lod  before  the  stopcock  r  is  opened,  a  quantity  of  mercury  is  drawn  out  of 
Qie  manometer  at  Ry  in  order  to  make  a  great  difierence  of  level  between 
die  two  columns.  On  opening  the  stopcock  r,  a  portion  of  the  air  in 
the  thermometer  passes  into  the  tube  gh  ;  and  mercury  must  be  again 
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poured  into  the  tube  k  t,  until  the  surface  of  the  column  in  the  tube  gh 
coincides  exactly  with  a  mark,  a,  on  the  side  of  the  tube.  The  detennh 
nation  is  then  completed  by  measuring  with  a  cathetometer  the  difference 
of  level  of  the  two  mercury-columns,  noting  the  temperature  of  Uie  mt- 
nometer  by  means  of  the  thermometer  ty  and  observing  the  height  of  the 
barometer.  We  have  now  the  following  data  for  calculation,  the  hei^ 
of  the  mercury-columns  having  been  reduced  to  0** :  — 

H'q  =  height  of  barometer  at  the  moment  of  observing  the  temperature. 
Hq  =  height  of  barometer  at  the  moment  of  measuring  the  difference  d 

level. 
h^    =  difference  of  level  as  measured  by  the  cathetometer. 

V  =  capacity  of  air-thermometer  at  0®. 

V  =  capacity  of  manometer-tube  between  y  and  the  mark  a. 

t      =  temperature  of  the  manometer  at  the  time  of  the  experiment. 

T    =  required  temperature  to  which  the  thermometer  was  exposed. 

K    =  coeificient  of  expansion  of  glass. 

0.003G7  =  coefficient  of  expansion  of  air. 

0.001 2921  gram.  =  weight  of  one  cubic  centimetre  of  air  at  0°  and  7C  cm. 

The  volume  of  air  in  the  air-thennometer  and  in  the  manometer-mbc, 
when  the  value  ^o  was  measured,  was  evidently  F-f-r  ;  the]>ortion  Fat 
the  temperature  of  0®,  the  portion  v  at  <°,  and  the  whole  under  a  pres- 
sure Hq  —  ^0  [106].  Reducing  by  [166]  the  volume  r  to  what  it  would 
be  at  0°,  and  reducing  by  [107]  the  sum  of  the  volumes  at  0°  to  what 
this  total  volume  would  be  under  the  normal  pressure  of  the  atmosphere, 
we  ea^iily  obtain  for  the  weight  of  this  mass  of  air, 

0.0012921   \v+v  -.-_-L___1  :^— ^. 
L     ~      1  + 0.00367  d       76 

Hut  we  know  that  this  same  mass  of  air  at  the  temperature  T  (that  is, 
at  the  moment  of  closing  the  stopcock  r),  and  under  the  pressure  B'f,  (the 
height  of  the  barora(?ter  at  the  time),  occupied  just  the  volume  of  the  ai^ 
tliernionieter  at  that  tempeniture,  or  T  (1  -j- A'  T).  Reducing  this  volume 
to  what  it  would  be  at  0°  and  76  c.  ra.,  and  multiplying  this  reduced 
volume  by  the  weight  of  one  cubic  centimetre  of  air,  we  obtain  a  second 
ex|»re>sion  for  the  weight  of  the  given  mass  of  air,  which,  in  the  following 
eciuation,  is  put  equal  to  the  first:  — 

or  redueinir 


—  Fl-U  ''     .     ^ 1  ^^—^       riiVl 

['^r  1+0.0036  7. /J       H'o      '      •■       '■• 


1  ^n.iMi.u^: .  T 
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111  the  tenns  of  the  second  member  of  this  equation  are  known  quantities 
flcoept  Fand  v,  and  these  can  easily  be  obtained  in  the  following  way. 

In  the  first  place,  we  fill  the  manometer-tube  with  mercury,  as  before,  and 

then  slowly,  by  the  stopcock  B,  draw  off.  the  mercury  into  a  tared  vessel 

until  the  snr&ce  of  the  column  coincides  with  the  mark  a.     The  weight 

of  this  mercury  divided  by  its  specific  gravity  [56]  is  equal  to  v.     We 

ihen  attach  the  air-thermometer  (the  stopcock  r  being  open),  and  observe 

the  height  of  the  barometer,  ITq,     Since  the  mercury  is  at  the  same  level 

in  both  tubes  of  the  manometer,  the  confined  volume  of  air  (V-^-v)  is  of 

course  exposed  to  the  pressure  Hq.     We  next  draw  off*  more  mercury 

at  R  until  if^e  the  level  of  the  column  in  the  tube  A  ff  sinks  to  a  second 

vark,^.      The  weight  of  this  mass  of  mercury  divided  by  its  specific 

^vity  gives  the  volume  of  the  tube  between  a  and  ^,  which  we  will  call 

w*.   Lastly,  we  measure  the  difference  of  level  of  the  meix;ur}'-columns  in 

tke  two  tubes  of  the  manometer,  which  we  will  call  Ay.     At  this  moment 

tbe  volume  of  the  confined  air  is   V-\-v-\-v\  and,  assuming  ihat  the 

^e^ht  of  the  barometer  has  not  changed  during  the  short  interval  occu- 

jied  by  the  experiment,  this  volume  is  exj)Osed  to  the  pressure  /^i  —  A©. 

^Iie  vaJu^  V-^v  and  V '\-v-\-v'  are  then   the   volumes  of  the  same 

•lass  of  air  under  the  pressures  Hq  and  IIq  — r  Ay  respectively.     Hence, 

*r  [98J 

•Od  from  this  equation  we  can  easily  deduce  the  value  of  V,  since  all  the 
^her  terms  are  known. 

(266.)  Air-Pyrometer.  —  By  substituting  for  the  glass  ther- 
mometer (a  b  Cj  Fig.  273)  a  thermometer  made  of  some  refrac- 
tory substance,  the  apparatus  described  iu  the  last  sectiou  may  be 
^tsed  for  measuring  very  high  temperatures.  Pouiilet*  employed 
for  the  purpose  a  small  globe  of  platinum  at  the  end  of  a  long 
Mad  narrow  tube  of  the  same  metal;  but  a  thermometer  made  of 
[H>rcelain,  as  proposed  by  Regnault,  would  be  less  cxiiei^ive,  and 
ftren  better  adapted  to  the  purpose.  In  the  use  of  platinum 
Hiere  is  a  liability  to  error  arising  from  its  power  of  condensing 
gases  on  its  surface  at  the  ordinary  temperature. 

(267.)  The  True  Temperature,  — It  is  generally  admitted  that 
klie  expansion  of  a  given  mass  of  air  under  constant  pressure  is 
absolutely  proportional  to  the  quantity  of  heat  it  receives.     If  so, 

♦  Comptes  Rendus,  Tom.  III.  p.  782. 
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the  temperatures  given  by  the  aip-thennometer  are  the  true  tan* 
peratui*e8  ;  but  although  this  assumption  is  highly  probable,  it  ii 
impossible,  in  the  present  state  of  our  knowledge,  folly  to  estabM 
its  truth  by  experimental  proof.  Nevertheless,  the  tempenturei 
given  by  the  air-thermometer  are  the  nearest  approach  we  eu 
at  present  make  to  the  true  temperature,  and  it  is  importeat 
in  all  scientific  investigations  to  substitute  for  the  indicatioDS  of 
a  mercury-thermometer  tlie  corresponding  temperatures  q{  tttf 
air-theriuomoter.  When  we  know  the  nature  of  tlie  glass  of  ths 
mercury-thermometer,  we  can  readily  make  tlio  reduction  by 
means  of  Regnault's  table  on  page  435 ;  but  since  ilie  expannoi 
of  glass  is  always  more  or  less  xmcertain,  it  is  always  best  to  me  ; 
the  air-thermometer  in  observing  high  temperatures  if  great  accs^ 
racy  is  required. 

(268.)  Effects  and  Applications  of  the  EqHxnsitm  of  Air,  — 
One  of  the  simplest  effects  of  the  expansion  of  air  is  seen  in  the 
action  of  a  stove  on  the  air  of  a  room.  The  particles  of  air  in 
contact  with  the  heated  iron  are  expanded,  and,  becoming  thus 
specifically  lighter,  rise  and  give  place  to  the  colder  pardcbl 
which  flow  in  from  below.  Thus  a  circulation  is  establidiel 
by  which  all  the  air  in  the  room  is  finally  brought  in  contact 
with  the  source  of  heat  and  warmed.  Were  the  air  visible,  the 
heated  air  would  bo  seen  to  rise  from  the  stove,  spread  itself 
over  the  ceiling,  descend  along  the  walls,  and  flow  back  over  the 
floor  to  the  stove.  In  like  manner,  every  furnace-flue,  gas4ight, 
or  candle,  and  every  luunau  body,  would  be  seen  to  be  the  centre 
of  an  ascending  column  of  heated  air  ;  indeed,  such  is  tlie  perfect 
freedom  of  motion  in  air,  thiit  a  single  lighted  candle  will  set  in 
motion  the  whole  atmosphere  of  a  quiet  apartment.  Similar  ciu^ 
rents  are  established  whenever  a  door  is  opened  by  which  a  wann 
room  is  connected  with  a  cold  entry.  The  heated  and  lighter  ;  _ 
air  pours  out  from  the  room  at  the  top  of  tlie  door,  while  the 
colder  air  flows  in  over  the  door-sill.  The  flame  of  a  lighted 
candle  may  be  used  (as  represented  in  Fig.  390)  to  detect  the 
direction  of  the  currents.  A  current  of  air  may  always  be 
noticed  flowing  towards  the  sunny  side  of  a  building,  vhidi 
supplies  the  current  rising  along  the  heated  wall.  But  by  6r 
the  grandest  exhibition  of  this  aeriform  circulation  is  the  trafc 
winds.  These  are  caused  by  the  unequal  action  of  the  sun  oa 
diflFercnt  parts   of  the  earth's   surface.      At  the   equator,  the 
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■\y  beated  air  rises,  and  its  place  is  snpplied  bj  colder  air, 

flows  in  on  botli  sides  from  the  temperate  zones ;  thus 
its  are  established  which  would  blow  directly  north  and 

were  it  not  tliat  the  rot&> 
f  the  globe  causes  them  to 
e  from  this  direction,  while 
uid  local  causes  come  in  to 
ce  the  irregularities  which 
served. 

I  elTect  of  a  glass  chimney 
:  flamo  of  a  candle  is  an- 
illustratioa  of  the  action  of 
n  expanding  air.  By  the 
ey,  the  heat  generated  by 
iming  combustible  is  con- 
nrithin  the  glass  walls,  and 
(uently  the  air  surroiiud- 
e  flame  becomes  more  in-  ng  no 

f  heated  than  it  would  Im 
it  the  chimney.     Moreover,  tlie  heated  air  is  also  confined 

walls  of  tlie  chimney,  and  prevented  from  mixing  with  the 
ihere,  thus  forming  a  column  of  heated  air  whose  height  is 
to  tlie  height  of  the  chimney.     This  column  of  air  will  evi- 

be  buoyed  up  by  a  force  equal  to  the  difference  between 
esBiira  of  the  air  at  the  bottom  and  at  the  top  of  the  cyliii- 
id  this  force  has  been  shown  (13G  and  155)  to  be  equal  to 
ight  of  a  cohimn  of  the  exterior  cold  air  of  the  same  area 
;ight.  Hence  the  lieated  air  will  rise,  for  the  same  reason 
balloon  rises,  and  with  a  velocity  proportionate  to  the  ex- 
r  the  buoyancy  over  its  own  weight.  The  quantity  of  air 
I  through  such  a  chimney  in  a  given  time  can  readily  be 
ited,  when  the  area  of  the  section  of  the  chimney,  and  the 
nee  of  temperature  between  the  inner  and  exterior  air,  are 

draught  of  an  ordinary  brick  flue  is  caused  in  the  same 
t  that  in  the  glass  chimney  of  a  lamp.  The  weight  of  the 
o  of  heated  gas  C  I)  (Fig.  391)  is  Irfss  than  that  of  the 
a  of  exterior  air  A  B,  and  hence  there  results  an  excess  of 
d  pressure  which  forces  the  products  of  combustion  up  the 
ey  the  more  rapidly  the  greater  the  difference  of  weight 
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botwecii  tlic  two  masses  of  gas.     A  good  draught  depends  on  tbt 

following  obvious  conditions:  — 1.  The  size  of  the  flue  sliould  be 
proportional  to  the  amount  of  gas  it  i> 
required  to  carry;  for  if  too  lai^, 
cold  c^irrents  may.  descend  in  tba 
angles  of  the  flue,  while  a  heated  um 
ascends  in  the  axis.  2.  The  heiflit 
of  the  chimney  should  be  as  great  u 
possible  ;  for  the  greater  the  height, 
the  greater  will  be  the  excess  of  the 
upward  pressure  on  which  the  draught 
depends.  3.  The  room  with  wliicli 
the  flue  connects  should  not  be  to 
tight  that  air  cannot  enter  as  fa^t  u 
it  escapes  by  the  chimney.  4.  Any 
direct  communication  between  sepfr 
rate  flues  in  adjoining  rooms  should 

be  avoided,  because,  if  one  flue  draws  better  than  the  other,  ■ 

downward  current  may  bo  established  in  the  last. 

Still  another  application  of  the  ascensional  force  of  heated  air 

is  to  be  seen  in  the  hotrair  furnaces  which  are  so  universally  used 

in  this  country  for  heating  buildings.     They 

usually  consist  of  a  brick  chamber  placed  in 

the  cellar,  corniected  by  the  cold-air  box  with 

the  exterior  air,  and  communicating  by  tin 

tubes  with  the   different   apartments    above. 

The  interior  of  this  brick  chamber  is  nearly 

filled  with  a  large  cast-iron  stove,  constructed 

of  various  patterns,  so  as  to  expose  a  largo 

heating   surface   to   tlic    air   surrounding  it. 

This  heated  air  ascends,  in  virtue  of  its  buoy-  i%.m 

aiicy,  througli  the  tin  conducting-tubes,  and 

cold  air  is  pressed  in  from  the  outside  of  the  building  to  Bupplt 

ils  place.     A  furnace  of  this  kind  (Cbilson's)  is  represented  in 

Fig.  392,  and  the  arrows  indicate  the  direction  of  the  curreiiB 

of  air. 

The  ascensional  force  of  heated  air  is  not  only  applied  in 

warming  buildings,  but  it  is  also  used   for  producing  ventiU- 

tion.      One  of  the   best   arrangements   for  the  purpose,  whith 

may  lie  used  with  great  efficiency  in  connection  with  a  hot-sir 
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isce,  IB  represented  in  Fig.  3dS.  The  Gmokc-ilue  of  the  fur- 
),  formed  by  a  cast-iron  pipe  A,  rises  in  tlie  centre  of  a 
e  brick  shaft  B,  vitk  which  the  different  rooms 
!ie  building  connect.    The  radiant  heat  of  tliis 

flue  heats  the  air  in  the  shaft,  and  thus  causes 
iwerful  ascending  current,  .which  draws  in  the 

air  from  the  room  at  the  openings  D  and  D ; 
le  at  the  same  time  Ireslt  air  enters  tlio  room 
1  the  furnace  to  take  the  place  of  that  which 
hus  removed. 

t  is  evident,  from  what  has  already  been 
ed,  that  a  lump  of  ice  sustained  near  the  top 
1  room  would  cause  a  descending  current  of 

and  thus  give  rise  to  a  circulation  in  the  at- 
iphere  of  the  apartment  similar  to  that  pro- 
ed  by  a  stove.    This  principle  has  been  applied 
,he  construction  of  refrigerators  for  pre8er\'ing 
i  is  warm  weatlier.     One  of  these  (Winsliip's) 
epresented  in  Figs.  894  and  395.     The  ice  is       m 
Ained  upon  a  shelf  (i>  i>)  in  the  upj^r  part         ng.  xa. 
I  chest,  the  hollow  walls  of  which  are  filled 
1  pulverized  charcoal,  a  very  poor  conductor  of  heat.     The 
enters  at  a  register  (C),  and,  coming  hi  contact  with  the 

b  oocded  and  falls  to  the  bottom  of  the  chest,  where  it  finds 


»s  at  £  between  the  hollow  walls,  and  finally  escapes  at  F, 
this  way  a  gentle  current  of  cold  air  is  steadily  maintained 
01^  as  the  ice  lasts. 
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FROBLEMS. 

Expantion  of  SoUdi* 

811.  A  bar  of  iron  one  metre  kxbg  at  0^  is  heated  to  15^;  what  k  tbi 
increased  length  of  the  bar  ? 

812.  A  bar  of  railway  iron  is  8.425  metres  long  at  20^ ;  what  would 
be  its  length  at  — lO"*  ? 

818.  In  laying  the  inm  rails  of  a  railroad,  it  is  necessaij  to  make  an 
allowance  for  the  expansion  of  the  metal  by  heat  How  much  aDowanee 
is  necessaiy  on  a  distance  of  100  kilometres  ?  How  much  on  a  diatiiiee 
of  20  English  miles,  assmning  that  the  road  is  laid  at  a  tempenton  d 
5^,  and  that  it  is  liable  to  be  exposed  to  a  temperatare  of  20^  ? 

814.  The  length  of  one  of  the  tabes  of  the  Britannia  ^idge  otst  tbe 
Menai  Strait  is  1,510  feet  1^  inches  at  0^;  what  would  be  its  ki^  it 
20^  ?    Determine  also  the  difference  of  length  between  — 10^  and  15°. 

815.  A  bar  of  metal  is  8.980  m.  long  at  0°  and  8.951  m.  kng  at  tbe 
temperatare  of  88°.    Galcnlate  the  coefficient  of  expansion. 

816.  A  bar  7  m.  long  made  of  a  metal  whose  coefficient  of  ejpannai  a 
Y^^  increases  in  length  from  the  same  increase  of  temperature  as  wkA 
as  a  bar  made  of  another  metal  9  m.  long.  Beqoired  the  ooefflcieBtof 
expansion  of  the  second  metaL 

817.  A  platinum  bar  2  m.  in  length  is  divided  at  one  of  its  extremities 
into  fourths  of  a  millimetre ;  a  copper  bar  1.950  m.  long  placed  over  (be 
first  at  0"^  differs  from  it  in  length  0.050  ul,  or  200  of  the  dirisioiis  oo 
the  platinum  bar.  Required  the  temperature  of  the  two  bars  at  which 
the  difference  would  be  equal  to  164  divisions  on  the  platinom  bar. 

818.  A  pendulum  made  of  brass  vibrates  seconds  at  0^  d  Howmanj 
seconds  would  it  lose  each  day  if  the  temperature  were  20^. 

319.  It  is  required  to  make  a  compensating  pendulum  <^  steel  and 
brass  rods,  whose  constant  length  shall  be  0.50  m.  What  diqpodtioD  most 
be  given  to  these  rods,  and  what  must  be  their  lengths,  in  coder  to  elfeet 
the  compensation  ? 

320.  A  brass  tube  is  5.436  m.  long  at  20^.     How  long  will  it  be  at  0"? 

321.  A  plate  of  sheet-iron  has  at  0^  a  superficial  area  of  560  cL~m.'' 
Required  its  area  at  15^. 

322.  The  iron  tire  of  a  wheel  is  1.123  m.  in  diameter  at  a  red  belt 
(1,200°).     What  will  be  its  diameter  when  cooled  to  10'  ? 

323.  An  iron  ball  has  a  diameter  of  15  c  m.  at  0^.  What  will  be  ito 
cubic  contents  at  100^? 

324.  A  glass  cylinder  has  a  capacity  of  100  Zm}  at  15^  What  wiD  be 
its  capacity  at  150°  ? 

325.  With  what  force  does  a  bar  of  copper  expand,  the  area  of  wboie 
section  equals  1  cTm.*,  if  heated  from  0°  to  15°  ? 
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326.  The  specific  gravity  of  a  solid  at  5^  was  found  to  be  7.788 ;  at 
20^  it  was  found  to  be  7.784.  Required  the  coefficieut  of  expansion  of 
the  solid. 

JSxparutan  of  Liquids. 

827.  The  height  of  the  mercury-column  in  the  tube  Ay  Fig.  379,  was 
foond  to  be  54  c  m.  The  difference  of  level  of  the  two  columns  A  and 
B  was  found  by  measurement  to  be  0.972  c  m.  Required  the  coefficient 
of  absolute  expansion  of  mercury,  knowing  that  the  temperature  A  was  0°, 
and  that  of  J?  100. 

828.  Reduce  the  foUovring  heights  of  the  barometer  observed  at  the 
annexed  temperatures  to  0^ :  — 


1. 

77  c.  m. 

<=    80OC. 

5. 

75.85  c.  m. 

t  =  -130.55  C. 

2. 

74    " 

1=    lOO. 

6. 

46.28    *' 

t  =    150.2. 

8. 

75    " 

/  =    250. 

7. 

78.65    " 

t=    140.6. 

4. 

73    " 

t  =  -100. 

8. 

75.21     " 

t  =  -120.3. 

Calculate  the  reduced  height,  first,  on  the  assumption  Uiat  the  scale  is  in- 
espansible ;  secondly,  on  the  assumption  that  the  height  is  measured  with 
a  brass  cathetometer  graduate  at  0^ ;  thirdly,  that  it  is  measured  on  a 
glass  scale  also  graduated  at  0 '. 

829.  Reduce  the  following  barometric  observations  made  at  8°  to  the 
temperatures  indicated,  making  the  same  assumptions  as  in  the  last 
problem:  — 


1. 

76.9  c.  m. 

t  —  300. 

4. 

76     c.  m. 

f  =  -IQO. 

s. 

76.8    " 

t  =  290. 

5. 

75.9     " 

/=     -90. 

8. 

76.7    " 

!=»=  280. 

6. 

75.8    " 

t=    -SO. 

830.  A  glass  cylinder  4  c.  m.  in  diameter  is  filled  at  0°  to  the  height  of 
0.5  m.  with  mercury.  How  high  is  the  centre  of  gravity  at  0°,  and  how 
high  at  80^  over  the  base  of  the  cylinder  ? 

881.  Required  the  volumes  of  the  following  liquids  at  the  temperatures 
indicated,  knowing  that  the  volume  at  0^  is  in  each  case  100  cTm.^ :  — 


Alcohol,      .  ,    t  —  200. 

Ether,      .        .       .       « s=  150. 


Oil  of  Turpentine,    .    t  =  lOOO. 
Water,   .        .        .        /  =    SQO. 


382.  Prepare  a  table  giving  the  volume  of  water  for  each  ten  degrees 
from  0**  to  100%  the  volume  at  0^  being  taken  as  unity. 

838.  Construct  the  curves  of  expansion  of  alcohol,  ether,  and  oil  of  tur- 
pentine from  the  equations  on  page  518. 

334.  Construct  a  curve  of  expansion  for  water  corresponding  to  each 
equation  on  page  527. 

385.  A  glass  flask  whose  neck  has  been  drawn  out  to  a  point  contains 
at  0®  1,000  c.m.' o^  n^crcury.  Required  the  weight  of  mercury  which 
win  flow  from  the  flask  if  it?  temperature  is  raised  to  100°. 

40* 
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M6.  A  weight  thermometer^  Fig.  880,  oootanied  25426S  grumiei  d 
mercaiy  at  0^ ;  when  heated  to  100^,  3^64  grammes  of  the  mercoiy  es- 
caped What  is  the  apparent  coeflicient  of  ezpanaioa  of  merauy? 
Assuming  that  the  coefficient  of  ezpansioo  of  glass  is  OX)0008^  whst  ii 
the  coefficient  of  absolute  ezpansioil  ? 

837.  A  glass  thermometer-tube  was  carefoUj  calibrated  and  diriU 
into  parts  of  equal  capadt  j.    The  wei^^  of  mercury  which  the  bulb  sad 
tube  contained  below  the  6th  division  on  the  stem,  measured  at  (P,  wu 
found  to  be  20.125  grammes.    After  introdncing  an  additional  qoantitj  of 
mercury,  which  fiUed  25  divisions  of  the  stem  at  0^,  this  weight  was  in- 
creased to  20.156  grammes.    Subsequently^  in  order  to  measore  the 
apparent  expansion  of  mercury,  the  two  fixed  points  were  carefiiDy  de- 
termined on  the  stem.    The  diffisrence  between  the  two  was  fbond  to  be 
250  divisions.     Required  the  coefficients  both  of  absolute  and  of  appsient 
expansion,  using  ^  the  coefficient  of  glass  the  value  given  in  the  lot 
problem. 

338.  A  spherical  vessel  having  an  internal  diameter  equal  to  two  thMi 
of  a  metre  at  0^,  is  made  of  a  material  whose  coefficient  of  expaaisna  ii 
equal  to  33^7.  Rc*quired  the  weight  of  fiiercniy  whidi  the  vessel  wil 
hold  at  0'  and  at  25^ 

839.  A  cylinder  of  brass  immersed  in  water  is  saqpended  horn  the  pes 
of  a  hydrostatic  balance,  and  counterpoised  at  4^  The  temperstnre  a 
then  raised  to  9^,  and  it  is  required  to  determine  the  weight  necesstij  to 
restore  the  equilibrium.  The  circumference  of  the  cylinder  is  0.135  m.; 
its  height,  0.12  m. 

340.  A  spherical  glass  vessel,  whose  diameter  is  equal  to  0.28  m.,  is 
filled  with  mercury  at  70^.  This  mercury  is  turned  into  a  quant  itj  of 
water  which  half  fills  a  cylindrical  vessel  0.40  m.  high  and  0.40  m.  in 
diameter.  Required  the  temperature  of  the  mixture,  neglecting  the  tem- 
perature of  the  gla5«. 

341.  Determine  the  coefficient  of  expansion  of  platinum  from  the  fol- 
lowing data :  —  On»» 
Weight  of  the  platinum  bar, 19M 

"  "       glass  balb  and  platinum  bar  endowd,         ....       >40i 

"  "  "         "  "         when  fiUed  widi  mercarj  at  O^,  .   390.1^ 

"  "       mercury  expelled  on  heating  the  tube  to  1009^     .        .        .  '^T 

This  problem  can  be  most  readily  solved  by  first  calculating  the  valoes  of 
•-p ,  -^ ,  and  -   7"-  9  and  afterwards  substituting  these  values  in  [180} 

Sponsion  of  Groses, 

342.  To  what  temperature  must  an  open  vessel  be  heated  before  cse 
half  of  the  air  which  it  contains  at  0^  is  driven  out  ?  The  pressure  is  a»- 
sumed  to  be  constant 


1. 

10     'el' n*    i/  =  74  C  m. 

t  =  lOO. 

4. 

2. 

7.5     "        i5r«78    " 

t  =  12© 

5. 

S. 

10       "        ff^  80    " 

t  «  lOO. 

6. 
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848.  An  open  vessel  is  heated  to  1,000''.  What  portion  of  the  air  which 
the  vessel  contained  at  0^  remains  in  it  at  this  temperature  ?  The  pres- 
sure is  assumed  to  be  constant 

344.  A  closed  glass  vessel,  which  at  0°  was  filled  with  air  having  a 
tension  of  76  cm.,  is  heated  to  500^  Determine  the  tension  of  the 
heated  air. 

845.  Required  the  temperature  at  which  one  llfte  of  air  would  weigh 
one  gramme,  the  pressure  being  76  c  m.   / 

846.  An  iron  bomb-shell  was  filled  with  nitrogen  gas  at  0°,  and  after 
having  been  hermetically  sealed  was  heated  white-hot  (1,300®  C).  Re- 
quired the  tension  of  the  heated  gas. 

847.  Reduce  the  following  volumes  of  gas,  measured  at  the  tempera- 
tares  and  pressures  annexed, to  0°  and  76  cm.:  — 

12  rS.'    i7  =  3S  c  m.     <  =    80P. 

11     "        i/«50     "         <=    200. 

9     "        77  =  60    "         <  =  -10^. 

848.  It  is  required  to  determine  the  temperature  to  which  an  air-ther- 
mometer was  exposed  from  the  following  data :  — 

Weight  of  the  glass  thermometer, w     »    25.S64  grammes. 

"         "     thermometer  filled  with  mercury  at  O®,    .  W*  ==  705.164      " 

"         "  "  partially  filled  with  mercury  at  oo,  W   »  251.964      " 

He%ht  of  the  barometer  reduced  to  0^,  .        .        .  J7'o  =    75.64    c.  m. 

"         "     mercury-column  in  thermometer,  .  .  Ao    ~    13  54      " 

"         "     barometer  at  the  time  of  closing  thermometer,  iZo  »    76.22      " 

Ans.  232°.7. 
349.  It  is  required  to  determine  the  temperature  to  which  the  air-ther- 
mometer of  Fig.  273  was  exposed  from  the  following  data :  — 

Height  of  barometer  at  the  moment  of  obsenring  the  temperature,    H'q  —  76.82  c.  m. 

"  "  "  "        measuring  difference  of  level,  ITo   =  76.54    " 

Diflerence  of  lerel  as  measured  by  a  cathetomcter,  .    Ao    =  40.34    " 

Tolome  of  the  air-thermometer  at  0°, V    —  254    Cvk} 

"          **     manometer-tube  between  /  and  a,         .  .    »      =    20       " 

Temperature  of  the  manometer, t      =    10^. 

Ans.  265°. 

S50.  It  is  required  to  determine  the  volume  of  the  air-thermometer 

fmk  the  following  data :  — 

Weight  of  mercury  abore  mark  a, 81 .600  grammes. 

"  "        between  a  and  ^,        .        .  272.000       " 

Height  of  barometer, 76        cm. 

Difference  of  level  of  the  two  columns,     .  39.4        " 

351.  A  glass  tube,  the  area  of  whose  section  is  j^jj  of  a  square  cen- 
timetre, is  connected,  as  in  Fig.  355,  with  a  glass  bulb  whose  capacity 
equals  0.75  ami*  At  the  temperature  of  — 40^  and  under  a  pressure  of 
76  c.  m.  the  small  thread  of  liquid,  A,  stands  at  the  lowest  part  of  the 
tobe.  It  is  required  to  determine  how  long  the  tube  must  be,  in  order 
&at  we  may  measure  with  the  instrument  a  temperature  of  120^. 
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1.  Solids  to  liqmds. 

(269.)  MeUing-P&mi.—M  we  lieift  a  ■olid,  ihe  fint  efiMof 
heat  18,  as  we  have  seen,  to  expand  it ;  the  second  eflect  is  to 
cJhange  its  mechani&d  oonditkm, — to  melt  H.  The  tenqieiatm 
at  which  solids  melt  diflfers  veiy  greatfy  for  diftrait  snfaslaiiees; 
but  it  is  always  constant  for  the  same  sobetanoe.  Hoteorer,  ihe 
temperature  remains  absolutely  constant  during  flie  whole  period 
of  melting.    This  temperature  is  termed  llie  wieUifi^^-pobU. 


Jfiftm^AMft. 

Ifercury  • 

.    — 39* 

Solphnr     .        •        .        • 

W 

Oil  of  Turpentine 

—10 

Alloy  (I  Tin.  1  BiHMlk)  . 

111 

lee          ... 

0 

<"     (3TEB.lLaKl)    . 

.157 

Lard  .... 

+38 

«<     (8  Tin,  1  Biniitii)  . 

200 

PhosphoniB 

43 

Tin 

280 

Spermaceti 

.    49 

BismQui        •        •        • 

256 

Potassium 

58 

Lead         .        .        •       . 

822 

Wax  (not  bleached)     . 

.     61 

Snc       •        •        •        • 

860 

Stearic  Acid    . 

70 

Antimony 

482 

Sodium 

.    90 

Silver,  pure,  . 

999 

Furtible  metal  (5  Pb,  3  Sn, 

8Bi)  100 

**'      alloyed  with  ^  gold, 

1048 

Iodine 

.  107 

(270.)  Vitreous  Fusion.  —  Most  solids,  when  heated  to  their 
niolting-point,  change  at  once  into  perfect  liquids;  but  some, 
such  UH  platinum,  iron,  glass,  phosphoric  acid,  the  resins,  wax,  and 
many  others,  pass  through  an  intermediate  pasty  condition  before 
they  attain  complete  fluidity.  In  such  cases  the  melting-point  is 
not  fixful,  although,  so  far  as  we  can  judge,  a  definite  tempera- 
tuiu)  corresponds  to  each  stage  of  the  change.  The  term  vitreous 
fusion  has  been  applied  to  this  gradual  change  of  state,  because 
it  is  a  characteristic  property  of  all  vitreous  substances;  and  it  is 
whon  in  this  intermediate  pasty  state  that  glass  is  worked  and 
iron  or  platinum  forged. 

( 27 1 .)  Freezing-Point.  —  If  a  substance  in  tlie  liquid  form  is 
(HM)loil  holow  the  temperature  at  which  it  melts,  it  again  becomes 
m>lid«  and  as  a  general  rule  the  freezing-point  is  the  same  as  the 
moltinf^poiut.    But  in  many  cases  we  can  cool  a  liquid  seveitl " 
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d^rees  below  its  melting-point  without  its  solidifying  ;  thus,  by 
keeping  water  perfectly  still,  we  can  succeed  in  cooling  it  to 
— 15®,  or  even  to  — 17",  before  it  freezes.  If,  however,  when  in 
this  condition,  we  drop  into  the  water  an  angular  body,  like  a 
piece  of  sand,  or  gently  jolt  the  vessel  containing  it,  congelation 
b^ins  at  once,  and  the  temperature  suddenly,  rises  to  O"".  It  has 
already  been  stated  (258)  tliat  water  conthiues  to  expand  when 
cooled  below  0**,  while  ice  under  the  same  circumstances  con- 
tracts.    Despretz  has  followed  its  expansion  to  — 20"*. 

This  singular  phenomenon  seems  to  be  caused  by  the  inertia 
of  the  particles  of  the  liquid,  and  is  exhibited  to  a  still  greater 
degree  in  viscid  liquids,  like  the  fats,  where,  on  account  of  the 
imperfect  fluidity,  the  inertia  is  greater.  Such  liquids  uniformly 
do  not  begin  to  freeze  until  they  are  cooled  several  degrees  below 
the  melting-point ;  but  as  soon  as  the  change  conunences,  the 
temperature  at  once  rises  to  this  point. 

It  has  been  noticed  that  the  phenomenon  just  described  is  most 
readily  produced  when  the  liquid  is  enclosed  in  a  capillary  tube, 
and  this  circumstance  has  been  thought  to  explain  the  fact  that 
I^ants  and  many  of  the  lower  animals  frequently  seem  to  resist  the 
action  of  frost  without  any  apparently  adequate  protection  ;  for^ 
as  is  well  known,  their  liquid  juices  circulate  through  exceedingly 
minute  capillary  vessels. 

(272.)  Effect  of  Salts  on  the  Freezing-Point  of  Water.  —  The 
freezing-point  of  water  is  depressed  by  the  presence  of  salts  in 
solution.  Thus  sea-water  freezes  at  about  — 3**,  and  a  saturated 
solution  of  common  salt  must  be  cooled  as  low  as  — 20**  before 
freezing.  The  freezing-points  of  various  saline  solutions  at  dif- 
ferent degrees  of  concentration  have  been  given  by  Despretz  in  a 
memoir  already  referred  to  (258).  In  all  these  cases  pure  ice  is 
formed  by  the  freezing,  and  a  more  saturated  solution  of  the  salt 
is  left.  The  change  may  in  fact  be  regarded  as  a  process  of  ciys- 
tallization,  in  which  the  water  crystallizes  out,  leaving  the  salt 
behind.  In  like  manner,  alcohol,  which  when  mixed  with  water 
very  greatly  reduces  the  freezing-point,  is  entirely  eliminated 
from  it  in  the  process  of  freezing.  Hence  weak  alcoholic  liquids 
like  wine  or  beer  may  be  concentrated  by  exposing  them  to  cold 
and  removing  the  layers  of  ice  as  they  form. 

To  the  same  class  of  phenomena  belongs  the  fact,  that  the 
melting-point  of  several  alloys  is  lower  than  that  of  either  of  the 
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metals  of  whieb  tbey  consist.  The  most  remarkable  example  of 
this  kind  is  Rose's  fusible  metal,  consisting  of  two  parts  bismuth, 
one  part  tin,  and  one  part  lead,  which  melts  between  95°  and 
98^,  although  the  melting-points  of  its  constituents  are  all  be- 
tween 235*  and  334*.  The  following  table,  which  gives  the  meUr 
ing-points  of  several  alloys  of  tin  and  lead,  furnishes  anoth^ 
example  of  the  same  fact.  The  lowest  melting-point  corre- 
sponds to  an  allov  of  three  equivalents  of  tin  and  one  equivalent 
of  lead.  Compounds  of  two  equivalents  of  sulphur  and  three 
equivalents  of  phosphorus,  of  two  equivalents  of  bismuth  and 
three  equivalents  of  tin,  show  similar  relations. 

Heiaoc-PDint. 

235° 

194 

189 

186 

196 

241 

289 

334 

(273.)  Effect  of  Pressure  on  the  Melting-Point.  —  Siucc  the 
effect  of  ail  external  pressure  must  be  to  resist  the  expansive 
force  of  hoat,  we  might  naturally  expect  that  it  would  tend  t« 
raise  the  melting-point.  That  this  is  mdeed  the  fact  is  shown 
by  the  following  table,  which  gives  the  results  of  experiments 
made  by  Mr.  Hopkins  •  on  this  subject. 


Prrc«nteg»  Compoaitkm. 

Tin. 

LMd. 

100 

0 

73.7 

26.3 

69.3 

30.7 

63.0 

37.0 

53.2 

46.8 

36.2 

63.8 

15.9 

84.1 

0 

100 

PreMure  in 
AtmoeplierM. 

Spermaceti. 

Melting-Point 
Wax.                 Sulphur. 

Steaxine. 

1 

51.1 

04.7             107.2 

67.2 

520 

60.0 

74.7             135.2 

68.3 

793 

80.2 

80.2             140.5 

73.8 

On  the  other  hand,  it  has  been  shown  by  Professor  Thompson 
that  the  effect  of  pressure  on  water  is  exactly  opposite  to  that 
just  described.  He  found  that  a  pressure  of  8.1  and  16.8  atnio^- 
pheres  caused  a  depression  of  the  freezing-point  of  0^059  and 

•1-0.     But  it  will  be  shown  in  the  next  section,  that,  while  the 

♦  Silliman's  American  Journal,  Second  Scries,  Vol.  XIX.  p.  14a 
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xolnme  of  the  substances  on  which  Mr.  Hopkins  experimented  in- 
creases by  melting,  that  of  water  diminishes.  We  should,  there- 
fore, expect  an  opposite  result  in  the  two  cases  ;  in  fact,  not 
only  the  general  effect  of  the  pressure,  but  also  the  amount  to 
irhich  the  melting-point  of  ice  is  depressed  by  it,  are  in  accord- 
ance with  the  theory.  Indeed,  the  phenomenon  was  predicted  by 
Professor  Thompson*  on  purely  theoretical  grounds,  and  the 
experimental  results  since  obtained  have  agreed  very  clqsely  with 
liis  predictions. 

(274.)    Change  of  Volume,  —  At   the    moment   of   melting 
there  is  a  sudden  change  of  volume,  which  is  usually  an  ex- 
])ansion  ;   but  in  the  case  of  water  and  a  few  metals  the  effect 
is  a  condensation.     This  subject  has  been  carefully  investigated 
by  Kopp,t   who   used   in   his   experiments   the  simple  appara- 
tus  represented   in   Fig.  396.      The   small    test-tube 
a  a,  containing  the  substance  to   be   examined,  was 
placea  within  a  somewhat  larger  tube  of  the  same 
shape  ;  and  this,  having  been  filled  wilh  water  or  some 
other  suitable  liquid,  was  closed  by  a  cork  provided 
with  a  capillary  glass  tube  divided  into  parts  of  equal 
capacity.      It  is  evident  that  any  change  of  volume 
of  tlie  solid  in  the  tube  a  a  could   be  measured  by 
the  rise  or  fall  of  the  enclosed  liquid  in  the  capillary 
tube.     In  practice,  the  apparatus  was  heated  at  the 
side  of  a  thermometer  in  an  oil-bath,  so  arranged  that 
the  temperature  could  be  kept  constant  for  a  few  min- 
utes at  any  point,  and  at  each  stationary  point  the 
temperature  and  the  height  of  the  liquid  in  tlie  capil- 
lary tube  were  observed.     The  weight  of  the  substance 
and  of  the  liquid  used  (commonly  water)  having  been 
previously  determined,  and  the  rate  of  expansion  of 
glass  and  of  the  liquid  being  known,  and  also  the  vol- 
ume of  the  tube  between  any  two  divisions,  it  was 
easy  to  calculate  the  volume  of  the  substance  at  each       y\%  396. 
observed  temperature,  and  of  course  to  measure  the 
change  of  volume  which  took  place  at  melting.      Some  of  the 
results  obtained  by  Kopp  are   represented   in  Figs.  897,  398, 
399,  and  400.     Here,  as  in  Figs.  381  and  38G,  the  abscissas  of 

♦  Philo«ophical  Mftpazine,  1850,  Vol.  XXXVII.  p  123. 
t  Annalcn  der  Cbcmio  uiid  Plmrmacie,  Bund  XCIII.  s.  5. 
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the  cnrres  indicate  degrees  of  temperature,  and  tbe  ordinates  the 
corresponding  volumes  of  the  substance,  the  rolume  at  0°  beii^ 
taken  as  unity.     Solid  phosphorus  (Fig.  397),  it  will  be  Dotked, 


expands  very  regnlarlj-,  like  other  solids,  until  it  reaches  44',  i« 
melting-point,  when  a  sudden  expansion,  amounting  to  about 
0.03;)  of  the  orip^nal  Tolumc,  takes  place.  After  melting,  the 
expansion  coiitiniios,  with  tolerable  regularity,  as  before.  Ice,oD 
tlie  other  hand  (Fig,  SP8),Thich,  so  long  as  it  remains  solid, is 
expanded  by  heat,  suddenly  contracts  in  melting,  —  the  cod- 
Iraction  amounting  to  about  0.1  of  the  volume  of  the  water  at 
0*.  After  melting,  the  water 
cs|iands  according  to  (lie 
laws  l>eforc  stated,  hut  llie 
total  amount  of  cx|iaiision 
between  the  froeziii-:  ami 
boiling  [Mjiiits  is  less  tlian 
one  lialf  as  great  as  tlic  cou- 
traction  in  melting.  Ileacc 
ice  will  float  on  water,  even 
when  at  the  boiling-ixiiiit. 
Tlie  expansion  of  water  in 
freezing  takes  place  witli  ir- 
resistible force.  Tliiek  iron 
bom Ivsli ells  have  Ix'en  Inirst 
by  exixising  tliem  to  gr^at 
cold  when  fdlcd  with  water  and  tightly  plugged. 

Tlie  law  of  the  expansion  of  wax  while  melting  is  shown  hj 
the  curve  in  Fig.  300.  Since  wax  does  not  change  suddenly  into 
a  liquid,  but  piisses  through  an  intermediate  pasty  comlilion.Te 
should  not  cxjiect  to  find  a  point  of  sudden  ex.pausion.     As  Uia 
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ates,  the  expansion  is  very  rapid  during  the  melting, 

more  rapid  than  the  expaneion  above  Qi",  the  point 

le  vox  becomes  perfectly  liquid, 
represents  the  cun-e  of  stearine,  which  is  exceedingly 
The  subEta;ice 

:t  two  melting- 

;  mells  first  at 

lis  change  is  at 

li  a  Buddeu  con- 
But  as  the  tern 

ises  higher,  the 
a^in   thickens, 

douhtedly  to  a 
its  molecular 
and   this    new 

)f  stearine  melts 

icn  the   change 

I  witU  a  sudden  n|.40Q. 

water,  the  only  substances  known  to  expand  in  so- 
hich  do  not  contain  water  as  a  chief  constituent,  are 
jismutli,  antimony,  and  a  few  alloys,  such  aa  type- 
ss,  and  bronze.  These  metals  and  alloys  all  give 
■i,  because  the  expansion,  wliich  takes  place  when 
^e(s,  forces  it  into  the  minute  cavities  of  the  mould  ; 
A  fact  depend  many  of  their  useful   applications   in 

The  melting  of  solids,  like  their  expansion,  may  be 
by  the  expansive  force  exerted  by  heat.  When  this 
force  becomes  equal  to  the  cohesive  force,  we  evi- 
)  a  condition  of  matter  in  which  the  particles  are  in 
Lilibriuin  between  two  forces,  and  are  therefoi-e  free 
the  slightest  impulse  ;  in  a  word,  we  have  the  condi- 
lidity.  We  may  dufine,  then,  a  liquid  as  that  condition 
n  which  the  cohesive  force  is  balanced  by  the  expan- 
if  heat.  With  a  few  exceptions,  all  solids  wliich  can 
equisite  change  of  temperature  witliout  niidcrgoing 
hange,  may  be  melted.  Many  substances  which  are 
egarded  as  infusible  —  such,  for  example,  as  platinum, 
iliceous  minerals  —  readily  melt  before  the  compound 
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of  heat.  Thus  wood,  when  heated,  is  decompos 
gases  and  acid  vapors,  which  escape,  and  into  c« 
left  behind.  In  like  manner  carbonate  of  lime 
heated,  is  decomposed  into  carbonic  acid  gas  and 
perature  below  its  point  of  fusion.  If,  howcTcr, ' 
gas  from  escapuig,  by  confining  the  carbonate  of 
barrel  hermetically  closed,  it  can  be  melted  in  a  ft 

As,  with  very  few  exceptions,  all  solids  may 
have  every  reason  to  infer  that  all  liquids  might 
sufficient  degree  of  cold  could  be  attained.  Tber 
several  liquids  which  have*  never  yet  been  froz 
example,  are  sulphide  of  carbon,  alcohol,  and  se 
organic  origin ;  but  even  alcohol  becomes  very 
when  exposed  to  the  intense  cold  produced  by  a  n 
carbonic  acid  and  ether. 

(270.)  Determination  of  the  Meltinff-Pdint.  — 
point  is  an  important  physical  property  of  a  subs 
chemist  has  frequent  occasion  to  determine  it. 
method  is  to  heat  the  solid  in  a  convenient  vessel 
to  melt,  and  then  test  the  temperature  with  a  then 
it  is  fully  melted.  It  is  always  well,  however,  alsc 
experiment,  and,  by  cooling  down  the  liquid,  test  tl 
while  it  is  freezing.  But  if  there  is  a  difference  b 
temperatures,  the  melting-point  should  be  taken  e 
constant  rather  than  the  freezing-point,  for  tlio  r 
stated  (271). 

The  appj^ratus  represented  in  Fig.  401  will  be  fr 
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pnilable  for  the  experiment.     It  consists  of  a  water  or  oil  batli, 

^  irith  two  beaker  glasses  (oue  supported  withiu  the  other,  as 

Imented  in  the  figure),  so  that  the  conduction  of  heat  from  thi) 
to  the  inner  vessel  may  be  as  uni- 

1^  as  possible.    A  thermometer  iu  the 

*~T  glass  pves  the  temperature  of  the 

at  each  instant,  and  the  substance 

r  experiment,  enclosed  in  a  capilU- 

■w  tube,  is  immersed  in  the  batli  at 

ifide  of  the' thermometer.     By  slowly 

lljing  and  then  cooling  the  bath,  it  is 

f  to  catch  the  exact  point  at  which 
solid  melts  and  the  liquid  again 
les ;  and  the  experiment  can  read- 
kin  repeated  a  great  number  of  timcii. 
^(fK77.)  Beat  of  Fusion.  —  It  has  al- 
|jdjr  been  stated,  that  while  a  solid 
tuaelting  the  temperature  remains  tlie  ii(.4oi. 

Bie.     This  iact  can  be  easily  verified 

l,inttcbing  a  Uiermometer  immersed  in  a  tumbler  filled  with 
|iluig  ice,  when  it  will  be  found  tliat  the  thermometer  will 
and  at  0'  until  the  whole  of  tlie  ice  has  disappeared.  During 
L  this  time,  which  may  be  several  hours,  heat  lias  been  continu- 
If  entering  the  water  from  tlie  air,  and  the  question  naturally 
MBS,  What  has  become  of  this  heat  ?  The  answer  is,  that  it 
l^been  used  up  in  melting  the  ice. 

fin  order  to  study  this  phenomenon  more  closely,  let  us  take 
ft  vessels,  the  first  containuig  one  kilogramme  of  ice-cold  water, 
|d  the  second,  one  kilogramme  of  coarsely  pulverized  ice.  A 
fmioineter  placed  ui  eacli  vessel  wilt  indicate  that  both  tlie 
p  aod  the  water  have  exactly  tlie  same  temperatTire,  viz,  0°. 
ft  JIB  now  expose  botli  to  such  a  source  of  heat,  that  the  same 
■ovnt  of  hpat  must  enter  each  vessel  during  the  same  time. 
^  will  be  found  tliat  tlie  thermometer  in  the  fii'st  will  remain 
jlf&iaaiy  white  tlie  ice  is  melting  ;  but  the  tlicnnomcter  in  ttie 
IMDd  will  gradually  rise.  If  at  tlic  moment  the  last  particle  of 
•  has  melted  we  examine  the  two  thermometers,  we  shall  find 
pt  the  one  in  tlie  first  vessel  maiks  still  0°,  while  that  in  tlie 
Wmd  has  risen  to  79°.  From  the  definition  of  the  unit  of  heat 
m),  it  follows  that  79  units  of  heat  must  have  entered  both 
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vessels.  This  heat  has  not  raised  the  temperature  of  the  first, 
because  it  has  all  been  consumed  in  melting  the  ice.  The  diffe^ 
ence,  then,  between  one  kilogramme  of  ice  at  0*  and  one  kilcK 
gramme  of  water  at  the  same  temperature  is  79  units  of  heat 

The  same  truth  may  be  ilhu^trated  in  another  way.     If  we  take 
one  kilogramme  of  water  at  79**,  and  one  kilogramme  of  ice  at  0", 
and  mix  the  two  together,  we  shall  find,  on  testing  the  water  with 
a  tliermomoter  after  the  ice  has  melted,  that  its  temperature  is  0". 
What  then  has  become  of  the  79  units  of  heat  that  the  kilo- 
gramme of  water  contained  ?    It  is  evident  that  thiey  have  disap- 
peared in  tlie  melting  of  the  ice.     What  is  true  of  ice  and  water 
is  also  true  of  other  substances.     All  solids,  in  melting,  absorb  a 
large  amount  of  heat,  without  any  correspondmg  change  of  tem- 
perature.    The  heat  which  is  thus  absorbed  is  sometimes  called 
the  heat  of  fusion^  but  more  frequently  the  latent  heat  of  the 
liquid,  because  it  is  not  sensible  to  the  thermometer.    The  heal 
of  fusion  of  a  few  solids  is  given  in  the  following  table :  — 


Ice, 

Phosphorus, 

Sulphur, 

Bisuiuth, 
1  in, 
Silver, 
Zinc, 

The  principle  under  discussion  is  well  illustrated  by  the  so- 
called /re^*  2  n^^'-  mixtures.  The  most  common  of  these  is  a  mix- 
ture of  equal  parts  of  snow  or  pounded  ice  and  salt,  which  pro- 
diK^es  a  degree  of  cold  of  about  — 16".  The  salt  causes  the  ice  to 
nrilt  and  the  water  dissolves  the  salt,  so  that  both  become  liquid, 
and  in  consequence  a  large  amount  of  heat  is  aV)s©rbed.  This 
mixture  is  used,  as  is  well  known,  for  freezing  ice-creams.  A 
much  more  powerful  freezing  mixture  is  formed  by  mixing 
together  three  parts  of  crystallized  chloride  of  calcium,  previ- 
ously cooled  to  C,  and  two  parts  of  snow.  A  degree  of  cold 
may  l)e  thus  produced  ecjual  to  — 15°,  and  sufficient  to  freeic 
mercury.  * 


Melting. 
PoiDt. 

0^0 

BMlabsortMdlvlkao- 
gVBmme  in  mdtiof. 

79.25  units. 

44^2 

5.03     - 

115^2 

9.37     *^ 

326^2 

5.37     " 

26G^8 

12.64    ** 

237°.7 

14.25     ^ 

99  i)^ 

21.07     *• 

41i>^3 

28.13     *• 

— - 


The  solution  of  most  salts  in  water  is  attended  with  the  ab-   } 
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don  of  beat,  because  the  salt,  in  disBolving,  changes  from  a 
I  to  a  liquid  conditioa.  Nitre,  for  example,  cools  the  water 
hidi  it  is  dissolved  eight  or  ten  degrees.    One  part  of  cblo- 

of  potassinm  dissolved  in  four  parts  of  water  also  cools  the 
ir  about  the  same  amount.  The  depression  of  temperature 
eqaently  more  considerable  when  we  dissolve  the  salt  in  an 

liquid  instead  of  pure  water.  A  very  convenient  method  of. 
zing  water  without  the  use  of  ice  consists  in  mixing  together 
ly  pulverized  Glauber's  salt  and  the  common  muriatic  acid 
«mmerce.  The  salt  dissolves  to  a  greater  extent  in  the  acid 
1  in  water,  and  a  depression  of  temi^erature  results  which 
'  amount  to  28°.  An  apparatus  (Fig.  402)  is  constructed  at 
b  for  freezing  water  by  this  process,  and  it  is  found  to  require 


at  six  kilt^rammes  of  Glauber's  salt  and  five  kilogrammes 
noriatic  acid  to  freeze  five  kilogrammes  of  water.     The  freez- 

mixture  is  placed  in  the  cylindrical  chamber  C,  while  the 
ow  walls  of  tliis  chamber,  as  well  as  the  interior  cylinder  A, 

filled  with  the  water  to  bo  frozen.     Tlie  crank  at  the  top  of 

ap^Ktratus  serves  to  turn  the  cylinder  A  and  the  vanes  at- 
>ed  to  it,  by  which  means  the  acid  and  salt  arc  kept  constantly 
ioA  and  the  surfaces  of  contact  renewed.    After  the  ice  forms, 

freezing  mixture  is  drawn  otf  into  tlie  lower  chamber  V, 
tre  it  may  be  fiirther  used  for  cooling  bottles  of  wine. 
47' 
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A?  ::>?  :h?.rr*  cf  ftare  fp>m  solid  to  liquid  is  attcn4?d«Tikfc 
a'firr::  ::    .:'  a  '.vr.rrite  amount  of  heat,  we  should  Minnlf 
exw::  :hi:,  wher.  :he  fluid  changes  back  again  to  a  soliite 
<air:-?  a2v>-.:r.;  of  Ik^aj  would  l^  evolved.     That  thisisTwDf^J'" 
case,  may  i*?  rr-v^si  hr  reversing  the  experiments  ju5t  descriht 

If  we  rak*?  i^-^  vo<5ol>,  the  first  containing  one  kilognaBB^ 
watr?r  :it  7'.*'.  ar.d  the  <eo<^nd,  one  kilogramme  of  water  at  ai^ 
a::d  ox>'>e  thorn  t.^  the  air  during  a  cold  winter  dav,  sotU 
e-uiiil  a:u'^!i:::<  of  lioai  shall  escape  from  both  during  any  pw 
time,  wo  5h;il!  fiivl  that  the  temperature  of  the  water  in  the  W 
vo>>*:-l  will  imni'sliatolv  fall,  while  that  of  the  water  in  the  » 
ond  vos<ol  will  remain  stationarv.     In  the  mean  time,  ho*CTij 

m 

the  water  in  the  5<H>Mid  vessel  will  l^egin  to  freeze :  but  so  1m( 
as  the  water  !>.*uiaiiis  liquid,  the  temperature  will  continue 
tionary  at  zero.     If  at  the  moment  the  last  particle  of  water 
frozen,  and  l»efore  the  temperature  l>egins  to  fall,  we  obscnrc 
temjvrature  of  the  water  in  the  first  vessel,  we  shall  find 
the  thermometer   stands   exactly  at  zero.     Evidently,  then,TI 
units  of  lieat  have  escaped  from  the  water  in  the  first  ve«4 
The  same  amount  also  must  have  escaped  from  the  water  in  4l 
second  v»>ssel.     Why.  then,  has  it  not  changed  the  temperaturtl 
Simj'ly  iN'ranso  it  is  the  heal  of  fusion,  which  has  l)eeii  given  up 
hy  the  waiiT  in  elianirinir  into  ice. 

In  like  manner,  as  the  solution  of  a  salt  in  water  is  attondei 
witli  alKMrjitioii  of  heat,  so  the  separation  of  a  salt  fmm  A 
>tat«^  i»f  si>lution  <  tlie  pnxvss  of  crystallization)  is  attended  witfc 
evolution  nf  heat.  As  a  mineral  rule,  however,  the  crystalfr  | 
zation  is  so  slow,  that  the  heat  escapes  as  fast  as  it  is  lil crated,  | 
and  therefore  dtnw  not  raise  sensibly  the  temjxiraturc  of  tbe  mass. 
We  can,  however,  so  arrantro  the  experiment  as  to  make  itvcit 
perceptihle.  We  pn*|«\re  for  this  pur[)osc  a  supersaturated  solo- 
tion  of  (Jlanher's  salt,  as  descril>od  in  (108),  and  when  the  so- 
lution is  cold  make  it  crystallize  suddenly  by  uncorking  the  flask. 
On  frraspinjr  the  Hask  with  the  hand  as  soon  as  the  crystalliiatioa 
has  been  completed,  it  will  be  found  that  its  temperatiu^  ta* 
risen  very  jK:rceptibly,  thus,  proving  that  crystallization  is  it- 
tended  with  lil>eration  of  heat. 

Asa  last  illustration  of  the  principle  under  discussion,  wc  may 
cite  the  well-known  i)rocoss  of  slaking  lime  in  the  prejviration 
of  mortar.     If  we  add  to  one  kilognunme  of  quicklime  one  half 
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fliogiamme  of  water,  the  lime  rapidly  combines  with  the  water 
i-laUs  into  a  loose  white  powder,  a  portion  of  the  water  at  the 
ke  time  escaping  as  steam.  The  water  is  thus  changed,  by 
kering  into  combination  with  the  lime,  from  the  liquid  to  the 
Id  state  ;  and,  as  we  might  anticipate,  a  great  amount  of  heat 
vaddenly  evolved.  The  elevation  of  temperature  which  is 
10  caused  is  sometimes  sufficiently  high  to  inflame  gunpowder. 
B  heat  which  is  liberated  in  this  process  is  not,  however, 
oHy  caused  by  the  solidifying  of  the  water.  A  portion  of  it 
nits  from  the  chemical  combination  between  the  lime  and  the 
tar^  in  accordance  with  the  general  law  that  chemical  combi- 
Bons  are  attended  with  the  evolution  of  heat. 
Fhe  quantity  of  heat  which  becomes  latent  during  the  fusion 
solids  is  ascertained  by  pouring  a  known  weight  of  tlie  melted 
id,  at  its  melting-point,  into  a  mass  of  water  wliose  weight  and 
Bperature  are  known.  The  temperature  of  the  water  will  evi- 
|dy  be  increased  by  the  addition  of  the  amount  of  heat  which 
I  liquid  gives  out  in  solidifying,  plus  the  amount  which  the 
id  gives  out  in  cooling  from  the  melting-point  to  the  increased 
iiperature  of  the  liquid.  This  last  quantity  may  be  easily  cal- 
buted  when  the  specific  heat  of  the  solid  is  known.  From  the 
dreased  temperature  and  weight  of  the  water,  we  can  also  easily 
culate  the  amount  of  heat  which  the  water  has  gained ;  and  then 
I  difference  between  these  two  quantities  will  be  the  amount  of 
it  which  the  liquid  gave  out  in  solidifying, — in  other  words,  the 
it  of  fusion.  The  method  may  be  made  clear  by  an  example. 
[n  order  to  determine  the  latent  heat  of  melted  tin,  25 
onmes  of  the  liquid  metal  at  its  melting-point  (238®)  were 
lied  into  1,500  grammes  of  water  at  15°.  After  an  cquilib- 
ni  of  temperature  was  establislied,  a  thermometer  dijjping  hi 
i  water  indicated  15**.45.  Hence  it  followed  that  the  water 
1  gained  in  temperature  15*'.45  —  15°  =  0''.45,  and  munt 
■efore  have  absorbed  0.45  X  1.5  =  0.675  units  of  heat  (231). 
\he  other  hand,  the  tin  had  lost  in  temperature  238°  — 15°.45 
222^.55  ;  and,  since  the  specific  heat  of  tin  is  equal  to  0.0562 
ige  466),  it  must  have  given  out,  in  cooling  from  the  melting- 
nt  after  solidifying,  222.55  X  0.025  X  0.0562  =  0.313  units  of 
Itk  Subtractmg  this  quantity  from  0.675,  we  find  that  the 
0unt  of  lieat  given  out,  in  solidifying,  by  25  grammes  of  tin, 
^ual  to  0.862  units  ;  and  a  simple  calculation  will  show  that 
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t/A  ';**^  '/  ;*v^-.^'-;^i^/•;  vT:**=ii:x»e?.  is  ^erj  digij*  ia  ^ 
tn-ulii.  Mvrv<^v'r.-.  >.  }iifc  »ly>  Ijeen  stated  ihai  a  1 
*///#!  rta/i*?*;  t^;  'y^/le^i  •^rv*rral  dezree*  below  tb*  norma 
\ff\Hi  witliotit  ly/li'lifvinjr ;  and  it  is  a  possible,  altho 
ffftt^MJ^fUt  Kiif/fM/tiiiiori,  that  under  certain  circnmstance 
i/fiKlil  >/<j  rt'AtU'M  U)  tlie  lowest  possible  tempcratu 
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ting  this  change.     Let  us  now  assume  that  at  N  degrees 
nro  we  should  reach  the  lowest  possible  temperature,  or 

zeroj  a  condition  in  which  bodies  would  contain  abso- 
0  heat,  and  let  us  suppose  that  we  start  at  this  tempera- 
fa  one  kilogramme  of  any  given  substance  in  the  solid 
n,  and  one  kilogramme  of  the  same  substance  in  the 
ondition.  Also  let  us  represent  by  C  the  specific  heat 
[quid,  by  C  the  specific  heat  of  the  solid,  and  by  T®  the 
freezing  or  melting  point  of  the  substance.  If  then  we 
—  as  we  may  without  any  great  probable  error —  that  the 
heat  does  not  vary  between  the  absolute  zero  and  T**,  it 
(232)  that  (N+  T)  C  units  of  heat  would  be  required 
the  temperature  of  the  one  kilogramme  of  the  substance 
liquid  condition  from  the  absolute  zero  to  the  melting- 
ad  that  (iV-f  T)  C  units  of  heat  would  be  required  to 
e  temperature  of  the  one  kilogramme  of  the  substance 
solid  condition  to  the  same  extent.  Furthermore,  it  is 
that  the  first  of  these  expressions  represents  the  actual 
'  of  heat  which  one  kilogramme  of  tlie  substance  at  the 
•point  contains  in  the  liquid  state ;  and  the  second,  the 
r  of  heat  which  one  kilogramme  of  the  same  substance 
J  at  the  same  temperature  in  the  solid  state.  The  differ- 
tween  these  quantities  is,  then,  the  number  of  miits  of 
ich  would  be  required  to  convert  one  kilogramme  of  tlie 
36  at  the  melting-point  from  the  solid  to  the  liquid  state ; 
Jier  words,  the  heat  of  fusion.  Representing  the  heat  of 
)y  L,  we  have  L  =  (N+  T)C—(N+T^  C,  which 

written 

L=(J>r+r)  (C  — C).  [195.] 


en,  the  theory  on  which  this  formula  is  based  is  cor- 
foUows  that  the  heat  of  fusion  of  a  substance  is  equal  to 
3rence  in  the  specific  heat  in  the  two  states  of  aggrega- 
iltiplied  by  the  number  of  degrees  above  the  absolute 
which  the  substance  melts.  By  giving  to  N  the  value 
,  Person  found  that  the  heat  of  fusion  of  many  non- 
substances  calculated  by  tlie  above  formula  agreed  al- 
ecisely  with  the  results  of  direct  experiment,  as  is  shown 
bllowing  table :  — 


r;i^ 


II 
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The  iic'«»«nimc  '>»r3r?ea  rfie  •ibecr»T»ti  and  cmlralated  resale  is 
«9*rsiual'r  r^msirkihiv  *di)«**.  and  fo^stains  so  fbr  the  tfaeonr  on 
▼hitiii  riie  j^nnnja.  i»  hiLied.  and  die  zusces^Lrj  inSdrsnxx  from  it, 
ttiAZ  ±e  :ihfioi.i:4^  ZPH)  is  ai  I^^)"  below  die  Centignde  ina 
Whi^rlier-  how»*T.*r-  ▼*»  ai:f!epc  die  dieorr  or  noc  it  is  evident  tittt 
the  5:.r2niLi  [l-*^  is  die  expressioa  of  an  empuical  lavwMi 
vhi*!h  die  -ywerrefi  5ii!xa  ▼err  eloeelj  agree. 

f  -y^C*,  I  Thi:*  law  of  P'^rsofu  hf>wevery  onlj  holds  true  in  regird 
to  r*on-metAZl«:  *Tih(?tan«2e<.  In  die  case  of  the  metals,  where  the 
dif5>nin.^  [tl  the  specific  heat  in  the  two  states  of  aggregation  is 
exceed i:.;il^  jttviIL  it  entirely  Cub.  The  caose  of  this  failure 
Vkt^jVi  rir  Liin.-*  a<  Callow?- 

Tl.-r  an.'  ;;r.t  of  h^^at  aV'Sjr+'e'i  h^  a  solid  in  melting  is  not  soiek 
th^  •j»iar;*[rT  n*ri?ir*-arT  to  >npplj  the  excess  of  specific  heat  in  the 
V.f^n'A  o^vr  that  in  t!ie  solid  state  ;  because,  in  addition,  a  certain 
qnantiry  of  h'^at  is  r»?»4uir»^l  to  overcome  the  cohesive  force  bv 
wlii«^:h  tli^  parti'i'l^-i  of  the  solid  are  held  together  (-75).  Jn  the 
^:^v:  of  rion-rn^^taHio  siilrriances,  where  the  tenacitv  is  compara- 
U\*:\'f  "liirlit.  the  quantitv  of  heat  required  to  overcome  the  coh^ 
«^iori  i-  so  -rnall  that  it  may  geuerallv  be  neglected ;  and  the  heat 
aJ^orf^-d  in  fusion  verv  nearly  corresponds  to  the  increased  spe- 
cific heat  in  the  liquid  state.  In  the  case  of  the  metals,  on  the 
contrary,  the  amount  of  heat  required  by  the  increase  in  the 
HfKjrrific  heat  is  very  small,  and  almost  the  entire  beat  of  fiision 
in  used  iji  overcoming  the  very  great  tenacity  of  these  substances. 
I  fence,  Person  argues  that  the  amounts  of  heat  required  to  melt 
one  kilogramme  of  each  of  the  different  metals  must  l)e  propor- 
tional to  the  work  to  l>e  done  ;  in  other  words,  to  the  power  which 
miiHt  Ik;  used  in  overcoming  the  cohesion  between  the  particles 
comprised  in  the  unit  of  weight.  This  power  would  be  measured 
by  the  coefficient  of  elasticity,  were  it  not  that  in  determining  tliis 
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emistaDt  (101)  we  do  not  have  regard  to  equal  weights.  It  is 
eTidently,  however,  a  function  of  this  coefficient,  and  Person 

represents   it  by  the  expression   JST  (1  -f-  — ^  j,  in  which  K 

IB  the  coefficient  of  elasticity,  and  i  the  specific  gi^avity  of  the 
metal.  Representing  also  by  K'  the  coefficient  of  elasticity  of 
a  second  metal,  and  by  L  and  L'  the  corresponding  heat  of  fusion, 
we  obtain  the  proportion 

L:L'^K{i+-^):K'{l+^-^y       [196.] 

Tliis  formula  is  the  expression  of  a  second  law  which  may  be 
llras  stated  :  The  heat  of  fusion  of  metals  is  sensibly  propor- 
Uonal  to  their  coefficients  of  elasticity  corrected  for  the  differ- 
ence of  density. 

If  we  substitute,  in  [196],  for  L',  K'^  and  3',  the  known  values 
fir  zinc,  taken  as  a  standard  of  comparison,  we  obtain  for  the 
lieat  of  fusion  of  any  other  metal  the  value, 

L  =  0.001669  k(i-\-  -J)  ;  [197.] 

ttd  the  heat  of  fusion,  calculated  by  this  formula,  agrees  very 
'  mH  with  the  observed  result.  As  the  value  of  L  [195]  is  based 
W  the  assumption,  that  the  heat  required  to  overcome  the  te- 
mcity  of  the  solid  may  be  neglected,  so  [197]  is  founded  on  the 
lasomption  that  the  specific  heat  of  a  metal  is  the  same  in  the 
liquid  as  in  the  solid  state.  Evidently,  however,  the  true  value  of 
Lj  in  any  case,  should  include  both  terms,  —  that  depending 
on  the  specific  heat,  as  well  as  that  depending  on  the  tenacity. 
fieoce  we  obtain  Person's  general  formula  for  the  heat  of  fusion 
of  all  solids, 

i=s  (160'+  T)  (C—  C)  +  0.001669  K  (l  +    %)  .     [198.] 

lb  the  case  of  the  metals  the  first  term  may  be  neglected,  and  in 
fte  ease  of  non-metallic  substances  the  same  is  true  of  the  sec^ 
OBd  term.  There  are  substances,  however,  for  which  both  terms 
lit?e  definite  yahies  ;  but  we  have  not  the  experimental  data  in 
ngard  to  them  which  would  enable  us  to  test  tlie  formula. 


J^  — 


t     _ 


^..      . 


— -^-  -—  "■  ■-  ■  « 

"-■::-•.-:'-  ::  >-    -    -^v—::  'j.*:  _jr^~^  .c  — 1"""  -i-i — llo'.ai 

.     .  ._      .        .._  -     _      "^    . -"r     _  ^   •-     ...    — -.  I O     -^   1"- 

■     .  —  _..         -"      -.--,.  —  t -■•;      ^  '   _     ,    •"    ••^.-.""    V  '•'Ti"'   it 

^  m 

— -'.'         .    .     '    r-..i.   ■.    •  -v    :_:-:■! -.lu:::^,   i:-vi  tb-?  i^ 

:      :■■--.-     -z  --      y.:v  -■',  v..:4    J.    ris  hvu:^'l  fr-vm ')' 

-'^'        .      -     ■•   -.--Z1-.   :"    /  :!.-■:«■.:   ::  o^:io:;i  tha:  fe 

-:    ■  '      :'    .   -•      .1:1  -  >:  '  •:  -     1-1  ! .-  Tiii^t  ooiiraiiied  in  the 
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■  •    '  *.   *    •  .:„;■—■   1; :...  rrv'iio:  whi-:  would  bo  its coiKlition 
•'  '       ■  ."-.'..-•.:..;-.      I:  :>  suM>:«so«l  l»v  soiue,  who  IwW 

*■'■'-*    ■•     '    -  •■;•'.  '^  v:  -:.•:  niv'I'i-culos  of  matter  would  Ik*  i'p.mdii 

■  '!*'/  :.■';.;•.;  ''..'ir;!.::.  &:,.i  that  pht?:iomona  of  a  new  and  mm- 
I'^-'-u-n  fj.j.t-jr';  wr,i;i.i  apfK^ar.  The  vi.deiit  explosion  exwriencetl 
''/  *ti':!if,i,  whil.,.  sulirnittinir  silver  in  powder  to  a  pressure  o» 
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fliree  hundred  atmospheres  in  an  hydraulic  press,  is  frequently 
died  in  this  connection.  But  these  are  mere  assumptions, 
for  we  are  as  yet  far  from  having  realized  experimentally  an 
absolute  zero  of  heat.  The  lowest  temperature  ever  observed 
bk  the  arctic  region  is  — 57**,  and  the  lowest  we  can  artificial- 
ly produce  is  — 140** ;  at  these  temperatures  several  liquids  still 
retain  their  fluid  condition,  which  could  hardly  be  the  case  if 
'we  had  removed  the  greater  part  of  the  heat  which  they  con- 
tain. 

Change  of  State,  —  Liqttids  to  Gases, 

• 
-    (281.)  Boiling-Point,  —  It  has  been  shown,  that,  when  a  solid 

it  heated  to  such  a  temperature  that  the  expansive  force  of  heat 
Iwtween  its  particles  is  equal  to  the  cohesive  force,  it  melts.  If 
Ihe  liquid  be  now  heated  above  its  melting-point,  the  expansive 
force  will  become  greater  than  the  cohesive  force,  and  by  con- 
tinuing to  raise  the  temperature  we  shall  finally  attain  to  a  point 
"vhere  the  excess  of  expansive  force  is  equal  to  the  atmospheric 
pressure.  Then  we  have  the  condition  of  a  gas,  and  a  phe- 
Aomenon  presents  itself  which  we  term  boiling.  Bubbles  of  gas 
fonn  beneath  the  surface  of  the  fluid,  and  rise  tumultuously 
fhrough  its  mass. 

This  phenomenon  can  best  be  studied  by  heating  water  in  a 
l^ass  flask  over  the  flame  of  a  spirit-lamp.  The  first  action  of  the 
lieat  b  to  expand  the  portion  of  the  liquid  immediately  in  contact 
with  the  bottom  of  the  vessel,  which,  becoming  specifically  lighter, 
rises  and  gives  place  to  colder  water,  which  is  heated  and  rises  in 
iiB  turn  ;  and  thus  a  circulation  is  established  by  which  each  par- 
ticle of  liquid  is  brought,  in  its  turn,  in  contact  with  the  heated 
wr&ce.  As  the  temperature  of  the  mass  rises,  the  air  which  is 
disBolyed  in  tlie  water  separates  in  bubbles  on  the  inner  surface 
rfthe  flask  (compare  page  396),  and  these,  when  they  have  at^ 
tuned  sufficient  size,  disengage  themselves  and  escape  through 
tile  liquid.  They  are  followed  by  bubbles  of  steam,  which  form 
%,  the  heated  surface  of  the  flask,  where,  in  consequence  of  the 
dose  proximity  of  the  source  of  heat,  the  temperature  is  higher 
than  that  of  the  mass  of  the  liquid ;  but  as  the  bubbles  rise 
ttirough  the  cooler  water  above,  they  are  condensed,  and  the 
^ock  produced  by  the  sudden  collapse  gives  rise  to  a  peculiar 
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noise,  an  instance  of  which  appears  in  the  aingii^  ci  a  taaUll. 
After  the  whole  mass  of  water  has  heen  hoated  to  lOiT,  the  Wi^^ 
bles  of  steam  are  no  longer  oondensed,  bat  liae  to  tliB  saiii 
and  break,  allowing  the  steam  to  escape ;  and  as  the  tenaoa^i 
this  steam  is  equal  to  the  pressure  of  ilie  air,  it  drives  oit  Al 
air  from  the  upper  part  of  the  flask,  and  takes  its  plaoe. 

What  is  so  familiar  in  the  case  of  water,  is  equaUy  ttm  tf ' 
other  liquids.  Tliere  is  for  each  a  temperatuie  at  itbkk  i 
expansive  force  of  lieat  becomes  equal  to  the  pressure  of  tkl 
air,  and  at  wliich  this  phenomenon  of  boiling  inyariably  9ffmk 
This  temperature,  which  is  constant  for  the  same  snbstaiiee  lufa 
the  same  atmospheric  pressure,  is  called  tfae<6oi7»i^-^s<..  if: 
the  boiling-point  varies  with  the  atmospherio  pressure,  it  is  nflW 
sary,  in  describing  the  boiling-point  of  a  substance,  to  state  il 
pressure  under  which  it  was  observed.  In  the  following  tiUi^ 
the  boiling-points  of  some  of  the  best-known  liquids  are  giveair 
the  mean  pressure  of  76  cm.:  — 


BoiUng-Pcinti  under  ths  Preiture  of  76  cwu 


Protoxide  of  Nitrogen, 
Carbonic  Acid, 
Cyanogen, 
Sulphurous  Acid, . 
Chloride  of  Ethyle,  . 
Common  Ether,    . 
Sulphide  of  Carbon, 
Bromine, 
Chloroform, 


—105 
—78 
—22 . 
—10 

+11 
.      35 

47 

.       63 

63 


Alcobol, 

.  78 

Water,     . 

.      iM 

Nitric  Acid  (1.42),      . 

.  m 

Oil  of  Turpentine,    . 

.      Iff 

Phogphoms, 

.  » 

Sulphuric  Acid  (1.843), 

.      » 

Mercury, 

.   SJO 

Sulphur, 

.     m 

The  influence  of  pressure  upon  the  boiling-point  of  liquids  miy 
be  illustrated  by  a  great  variety  of  experiments.  If  we  place  i 
glass  of  lukewarm  water  under  the  receiver  of  an  air-pump  ini 
exhaust  the  air,  the  water  will  at  once  begin  to  boil  violeiidf. 
The  same  experiment  may  be  tried  even  more  simply  in  the  fiit 
loVing  way. 

Take  a  glass  flask,  to  which  a  cork  has  been  carefully  fitted, 
fill  it  about  one  half  full  of  water,  and  heat  the  water  to  boiling 
by  means  of  a  spirit-lamp.  When  the  water  is  boiling  rapidly, 
and  the  upper  part  of  the  flask  is  filled  vdth  steam,  remove  tbe 
lamp  and  quickly  insert  the  cork.     If  now  the  flask  is  inverted 
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md  cold  water  poared  upon  it,  as  represented  tn  Fig.  403,  the 

feiiting  will  be  renewed,  and  contiuue  for  some  time. 

:<-Thi8  apparent  paradox  of  boiling  water  by  cold  is  thus  ex- 

|lbuiied.      Tbe   cold  water  condenses   the   steam,  producing   a 

heuiun  ia  the  upper  part  of  the  fiask,  and,  tlie  pressure  of  tbe 

itmosphere  being  thus  removed,  the  water 

^lllillllrlfl  to  boil  at  a  greatly  diminislied 

iMnperature.    In  the  experiment  of  Leslie, 

hwe after  to  be  described,  water  is  made  to 

htBi  at  its  freezirtg-point.     Commoa  ether 

boilfl  under  tiia   receiver  of  an   air-pump, 

%onk  which  the  air  has  been  partially  ex- 

iMuted,  with  explosive  violence,  even  at 

4hs   lowest   natural   temperatures.     Such 

•qwriments  as   these  may   be    multiplied 

^iea»itcly. 

The  ordinary  variations  of  atmospheric 
pressure  exert  a  very  sensible  influence  on 
the  boiling-poiut  of  water.  Tbe  extreme 
koghts  of  the  barometer  observed  at  Paris 
fir  tbe  last  thirty  years  have  been  71.9  c.  m.  f,,.  4i«. 

4&d  78.1  c.  m.  Under  the  first  pressure, 
"liter  boils  at  98° .5,  under  the  second,  at  100". 8  ;  so  that  the 
kMUng-point  is  liable  to  a  variation  of  about  two  degrees  at  that 
ihce.  Hence  the  importance  of  regarding  the  height  of  the 
hvometer  in  determining  the  boiling-point  on  the  scale  of  the 
ftennometer  (218).  Much  greater  variations  in  the  boiling- 
punt  than  these  arise  from  differences  of  pressure  at  diSereut 
devations  on  tlie  earth's  surface.  At  the  city  of  Quito,  which  is 
It  as  elevation  of  2,908  metres  above  tiie  level  of  tlie  sea,  and 
^>ere  the  mean  barometric  pressure  is  equal  to  52.7  c.  m.,  water 
Mb  at  90°  .1.  At  the  city  of  Mexico,  at  an  elevation  of  2,277 
■etres  and  under  a  pressure  of  57.2  c.  m.,  it  boils  at  92° .3. 
Briling  wat«r  is  not,  therefore,  equally  hot  at  all  places  of  the 
Mrth.  At  high  elevations,  as  at  Quito,  for  example,  its  tempera- 
Ion  is  much  loo  low  for  cooking  many  substances  which  can  be 
taoked  at  one  hundred  degrees. 

It  fcdlows  from  the  facts  already  stated,  that  a  difference  of 
Ifemore  of  0.25  c.  m.  will  cause  a  difference  in  the  boiling-point 

of  water  of  one  tenth  of  a  degree  ;  so  that  from  the  boiling-point 
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lask,  the  boiling-point  is  increased  to  a  much  greater  extent 
)efore,  tliis  increase  sometimes  amounting  to  five  or  six 
ts.     By  throwing  into  the  water,  in  either  of  these  cases, 

of  metal,  the  boiling-point  is  at  once  reduced  to  100°. 
ime  variation  of  the  boiling-point  in  glass  vessels  takes 
frith  other  liquids  as  well  as  water,  and  witli  some  of  them 
uch  greater  extent.  It  is  onlj  in  metallic  vessels  that  the 
;-point  is  regular. 

Jlows  from  what  has  been  said,  that  in  any  case  the  expan- 
>rce  of  the  vapor  formed  during  boiling  is  equal  to  the 
re  to  which  the  liquid  is  exposed,  and  it  is  also  true,  that 
[nperature  of  the  vapor  is  the  same  as  that  of  the  boiling 
Two  thermometers,  the  bulb  of  one  dipping  under  the 
3  of  a  boiling  liquid,  and  the  other  immersed  in  the  vapor 
x)ve  it,  will,  therefore,  always  indicate  the  same  temper- 
unless  the  boiling-point  has  been  unnaturally  increased  by 

the  causes  just  mentioned. 

J.)  Determination  of  the  Boiling-Point.  —  The  causes 
med  in  the  last  section,  which  influence  the  temperature 

boiling  liquid,  do  not  affect  at  all,  or  affect  very  slightly, 
mperature  of  the  vapor  which  rises  from  it.  This  at  once 
3  itself  to  the  pressure  of  the  atmosphere,  and  is  always 
nt  for  the  same  liquid  under  the  same  pressure.  Hence 
mperature  of  the  vapor  is  more 
han  that  of  the  liquid,  and  it  is 
is  reason  that,  in  graduating  a 
ry-thermometer,  the  tube  is  ex- 
to  the  steam  from  boiling  water, 
Dt  dipped  into  the  liquid  itself. 
>,  in  determining  the  boiling-point 
er  liquids,  it  is  always  best  to 
re  the  temperature  of  the  vapor, 
»t  that  of  the  liquid,  taking  care 
le  pressure  of  the  atmosphere  is 
dtted  freely  to  its  surface  while 
;.  The  arrangement  represented 
.  405  is  very  well  suited  to  this 
e,  the  size  of  the  glass  boiler 
adapted  to  the  circumstances  of 
«.     When  the  liquid  under  experiment  is  very  costly,  all 

48* 


"^- 


Fig.  405. 


570  CHEMICAL  PHYSICS. 

loss  can  be  avoided  b^  connecting  the  exit-tube  with  a  Liebig's 
condenser  (see  Fig.  416). 

(2*4.)  FormatUm  of  Vapor  of  Low  or  High  Tension,  —  The 
Tapors  or  gases  which  are  formed  during  the  boiling  of  liquids 
have  alwavs  the  same  tension  as  the  atmospheric  air,  and  are 
therefore  able  to  retain  their  gaseous  condition  when  exposed  to 
its  pressure.  It  is  the  formation  of  vapors  of  tliis  kind  that  we 
have  considered  in  the  preceding  sections.  Liquids,  howerer, 
vield  vapors  both  of  a  lower  and  of  a  higher  tension  tlian  that  of 
the  aunotsphere,  and  we  propose  next  to  consider  the  conditions 
and  laws  under  which  these  are  formed. 

In  order  to  make  the  conditions  as  simple  as  possible,  let  us 
suppose  a  vesseel  having  the  capacity  of  one  cubic  metre,  and  let 
us  dispose  in  it  a  barometer  and  thermometer,  so  tliat  we  can 
observe  the  tension  and  temperature  of  the  confined  gas.  Mor^ 
over,  let  us  pour  into  it  a  few  kilogrammes  of  water  and  perfectly 
exhaust  the  air.  If  now  we  expose  this  vessel  to  various  tern- 
peratures«  it  will  be  foimd,  first,  that  for  every  given  temperature 
a  certain  fixed  weight  of  water  will  evaporate,  and,  secondly,  that 
the  vapor  thus  formed  will  have  a  certain  definite  tension  which 
is  invariable  for  that  temperature.  If  we  increase  the  tempera- 
ture, the  weight  of  the  vapor  formed  will  be  greater,  and  the 
tension  greater.  If  we  diminish  it,  the  weight  will  be  less  aud 
the  tension  less,  provided  always  that  some  liquid  water  remaius 
in  the  vessel.  Tlie  table  on  the  opposite  page  gives  for  each 
tem{>erature,  fii>t,  the  weight  of  vapor  in  grammes  wliich  ilie 
eubie  metre  will  contain,  and,  secondly,  the  tension  of  the  vajK»r. 

By  insjKvting  this  table,  several  remarkable  facts  will  be  dis- 
covered. It  will  l)e  seen,  in  the  first  place,  that  a  very  sensible 
amount  of  water  will  evaporate  even  at  a  temperature  of  ten 
degrees  Ivlow  the  freezing-point,  when,  of  course,  the  water  ia 
the  vessel  is  in  the  state  of  ice.  In  the  second  place,  it  will  be 
noticed  that  the  tension  of  the  vapor  is  less  than  the  pressure 
of  the  atmosphere  for  all  temperatures  under  100"*,  and  greai4:T 
than  the  pressure  of  the  atmosphere  for  all  temperatures  above 
100^  ;  so  that  for  all  temperatures  under  100°  the  pressure  ex- 
erted hy  the  va{>or  on  the  inner  surface  of  the  vessel  is  less  than 
the  atmospheric  pressure  on  the  outside,  while  for  all  tempera- 
tures over  100^  it  is  greater.  In  the  third  place,  it  vrXl  be 
noticed  that  at  100°  the  tension  is  exactly  equal  to  76  c.  ra ,  the 
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Tension  of  the  Vapor  of  Watery  according  to  HegnatUt. 


1 

tan. 

Tmrtoa.  in 
GendmetrM. 

Wdgfatof 
1  Cubic  Metre. 

Tempenk- 
tore. 

Teosion  in 
Centimetres. 

Weight  of 
1  Cabk  Metre. 

o 

-10 

0.2078 

2.284 

-4-38 

3.7410 

85.836 

» 

0  2261 

2.476 

84 

8.9566 

87.249 

8 

0.2456 

2.679 

85 

4.1827 

89.252 

7 

0.2666 

2.897 

40 

5.4906 

60.700 

6 

0.2890 

8.129 

45 
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pressure  of  the  atmosphere.  This  is  the  boiling-point  of  water, 
the  temperature  at  which  bubbles  of  steam  can  form  beneath  tlie 
surface  and  rise  to  the  top  without  being  condensed.  Lastly,  it 
will  be  noticed  that  above  100''  the  tension  of  the  Tapor  increases 
very  rapidly  with  the  temperature  ;  so  that  at  121''.4  it  is  equal 
to  2  atmospheres,  or  twice  the  pressure  of  the  atmosphere,  and  at 
201''.9  to  16  atmospheres.  Steam  of  greater  tension  than  the 
atmospheric  pressure  is  called  high-pressure  steam,  and  it  is  this 
condition  of  steam  which  is  found  above  the  water  in  a  steam- 
boiler,  and  which  is  used  with  so  much  effect  iu  the  steam- 
engine. 

(285.)  Dallon*s  Apparatus. — The  experiment  described  above, 
for  determining  the  tension  and  weight  of  a  cubic  metre  of  the 
vapor  of  water  at  different  temperatures,  was  merely  devised  for 
simplicity  of  illustration.  In  order  to  obtain  even  approximate 
results,  it  is  necessary  to  experiment  in  a  diflferent  manner  and 
on  a  very  much  smaller  scale.  The  tension  of  the  vapor  of  water 
between  0**  and  100**  can  be  measured  quite  accurately  by  means 
of  a  eomnion  barometer-tube.  K  the  tube  is  filled  with  mercury 
and  inverted,  as  described  in  (157),  the  column  of  mercury  will 
stand  in  the  tube  at  the  height  of  76  c.  m.,  more  or  less,  abore 
the  mercury  in  the  basin,  according  to  the  varying  pressure  of 
the  air.  Supjwse,  now,  that  we  fill  the  tul>e  again  with  mercury, 
only  adding  at  the  top  a  few  drops  of  water,  and  invert  it  as 
before.  The  water  will  of  course  rise  to  the  surface  of  the  mer- 
cury, and  a  portion  of  it,  varying  with  the  temperature,  will 
evaporate  into  the  vacuum  above.  This  vapor  will  exert  a  certain 
pressure,  and  depress  the  mercury-column  ;  the  amount  of  the  de- 
pression will  l>e  equal  to  the  difference  between  the  present  height 
of  tlie  column  and  that  of  the  barometer  at  the  beginning  of  the 
experiment.  Moreover,  it  \vill  be  exactly  the  same  as  the  height 
to  wliich  the  vapor  would  raise  the  mercury  of  a  barometer,  if  im- 
mersed in  it,  and  will  therefore  be  the  measure  of  the  tension. 

The  apparatus  used  by  Dalton  in  his  determinations  of  tlie 
tension  of  the  vapor  of  water,  and  based  on  the  principles  just 
explained,  is  represented  in  Fig.  406.  It  consists  of  two  barom- 
eter-tubes dipping  into  the  same  basin  of  mercury.  The  first  of 
these  tubes,  B,  is  a  {M?rfeet  barometer.  The  second,  J,  is  a  ba- 
rometer with  a  small  amount  of  water  above  the  mercury-coluiiui. 
These  two  tubes  are  enclosed  in  a  tall  glass  cylinder,  standing  in 
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basiD  of  mercury  and  filled  with  water,  vhoee  temperature 
.  be  regulated  by  means  of  tbo  furuace  below.  This  tempera- 
a,  observed  by  means  of  the  ther- 
meter  T  conveniently  disposed,  is 
»urse  the  common  temperature  of 

two  barometers  and  of  Uie  vapor  at 

top  of  the  second.  In  order,  tiien, 
letermine  tbe  elastic  force  of  this 
lor,  it  is  only  necessary  to  meas- 
I  the  difference  of  height  of  the 
t  columns,  since  this  heiglit  re- 
%d  to  0°  is  the  measure  of  its 


The  apparatus  of  Dalton  can  be 

)d  60  long  as  the  elastic  force  of 

1  Taper  does  not  exceed  the  pres- 

«  of  the  atmosphere.    When  the 

sion  is  equal  to  76  c.  m.,  the  sur- 

e  of  the  mercury-column  will  be 

)re8sed  to  the  level  of  the  mercury 

the  basin,  and  the  experiment  is 

an  end.     In  order  to  continue  the 

:enmnation  above  this  point,  we 

can  use  a  siphon-  ng  we 

tube,  inverted  and 

closed  at  the  shorter  end,  as  represented  in  Fig. 
407.  The  tube  is  filled  with  mercury,  with 
the  exception  of  a  small  amount  of  water 
above  the  mercury  in  the  shorter  branch,  and 
heated  in  an  oil-bath.  The  tension  of  the 
vapor  is  evidently  equal,  at  each  moment,  to 
the  pressure  of  the  atmosphere  increased  by 
the  weight  of  the  column  C  D. 

On  account  of  the  difficulty  of  preserving  a 
constant  and  uniform  temperature  throughout 
the  whole  height  of  the  cylinder  of  water,  the 

\^^  3  method  of  Dalton  is  not  calculated  to  give 

-f^     I  accurate  results,  although  in  a  modified  form 

it  was  used  by  Regnault  with  great  success  for 
temperatures  between  0°  and  60°.     The  two 
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forms  of  apfMuratns  just  described  may,  however,  be  used  for 
illnstnition  with  advantage  ;  onlj  in  tfiis  ease  it  is  as  well  to 
substitute  for  the  water  some  more  volatile  liquid. 

(286.)  Marcefs  Globe.  —  The  tenaon  rf  the  vapor  of  water 
above  100"  maj  be  roughly  estimated  by  means  of  tlie  apparatus 

represented  in  Fig.  408.  It  consists  of  a  stout 
brass  globe  containing  water,  and  serving  as  a 
boiler.  Through  a  ti^t  packing4x>x  passes 
a  glass  manometer-tube  <^  about  a  metre  in 
length,  whose  lower  end  opens  under  mercury 
resting  on  the  bottom  of  the  brass  boiler.  The 
globe  has  also  two  other  openings ;  one  of  these 
may  be  closed  by  a  stopcock,  and  through  the 
other  passes  the  tube  of  a  thermometer,  having 
its  bulb  within  the  globe.  On  commencing  the 
experiment,  the  water  is  boiled  for  some  time 
in  order  to  expel  all  the  air,  and  tlie  stopcock  b 
then  closed.  At  this  moment  the  temperature 
of  the  steam  is  100^,  and  the  tension  76  c.  m. 
more  or  less,  according  to  the  pressure  of  die 
air.  As  soon,  however,  as  the  steam  is  pre- 
vented from  escaping  freely,  the  temperature 
of  the  globe  will  begin  to  rise,  and  at  the  same 
time  the  tension  of  the  confined  steam  will 
increase,  raising  the  mercury  in  the  manome- 
ter-tube. For  any  temperature  indicated  bj 
the  thermometer,  the  corresponding  tension 
of  the  vapor  will  be  found  by  adding  to  the 
height  of  the  barometer  for  the  time  being  the  height  of  the 
mercury  in  the  tulje,  measured  by  a  scale  provided  for  the  pur- 
pose. This  apparatus,  like  the  last,  is  only  calculated  for  illus- 
tration, and  yields  but  approximate  results. 

(287.)  Apparatus  of  Gay-Lussac, —  For  measuring  the  ten- 
sion of  the  vapor  of  water  below  zero,  Gay-Lussac  employed  the 
apparatus  represented  in  Fig.  409.  It  consists,  like  the  appara^ 
tus  of  Dalton,  of  two  barometer-tubes  filled  with  mercury,  the 
open  ends  dipping  under  mercury  in  the  same  basin ;  one  of 
these,  A^  which  is  straight,  and  perfectly  freed  from  air  and  mois- 
ture by  boiling  the  mercury  in  the  tube,  serves  to  measure  the 
pressure  of  the  air ;  the  other  contains  a  few  drops  of  water  above 


Fig.  406. 
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cuiy-column,  and  its  closed  end  is  bent  so  that  it  can  be 
dod  hy  a  freezing  mixture,  as  represented  in  the  figure. 
IOmeter,  (,  indicates  the  temperature  of  the  vapor  aboTe 
cury-oolumn,  and  the  tension  of 
or,  corresponding  to  each  tempcr- 
s  readily  determined  by  measur- 
1  a  catbetometer  the  difference  of 
'  tlie  mercury  in  the  two  tubes  A 

It  will  be  noticed  at  once,  that 
wrtion  of  the  vapor  in  the  tube  C 
«d  to  the  freezing  mixture ;  but 

eBtablisbed  pnnciple  of  hygrom- 
at,  vrhen  the  temperatures  of  two 

commvrttcaling  with  each  other 
qual,  the  tension  of  the  vapor  is 
ne  in  both,  and  i«  always  that 
-.orresponds  to  the  lowest  temper' 

The  application  of  this  principle 
iboTB  method  is  evident. 
.)  Apparatus  of  Regnaalt. — The 
e  determination  of  the  tension  of 
or  of  water  at  high  temperatures 
ided  with  great  diRiculties ;  but 
unt  of  the  importance  of  the  sub- 
ising  from  its  connection  with  the  "       j^  409, 

ngine,  no  eubjoct   has   been  the 

)f  more  careful  scientific  investigation.  It  was  first  care- 
vestigated,  in  1880,  by  a  commission  of  the  French  Acad- 
>nsiBting  of  Arago  and  Dulong ;  and  more  recently  it  has 
investigated  by  Regnault  with  his  usual  perseverance  and 
The  results  of  hie  investigations  were  pultlished  in  the 
•first  volume  of  the  Mfmoires  de  P  Acad^mie  des  Sciences, 
h  we  have  so  frequently  had  occasion  to  refer  in  these 

Indeed,  the  determinations  made  by  Regnault  of  the 
ssibility  of  gases  (165),  of  their  coefficients  of  expansion 
and  of  the  coefficients  of  expansion  of  mercury  and  glass 
ad  254),  were  merely  preliminaries  to  this  main  investi- 

temperatnres  below  60°,  Kegnault  made  use  of  the  same 
I  as  Dalton,  but  modified  his  apparatus  so  as  to  avoid  the 
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cause  of  error  mentioned  in  (285).    The  apperatna,  as  tbiu 

modined,  is  represented  iu  Fig.  410.     The  open  ends  of  tbe  two 

barometer-tubes  i  and  t'  dip  into  the  5ame  basin  of  mereuiy, 

which  is  furnished  with  an  adjusUng- 

screw,  O,  similar  to  tliat  described  in 

(lo9).     The  upper  ends  of  these  tubes 

are  enclosed  within  a  cylindrical  vessd, 

V,  made  of  sheetrmetal,  and  prorided 

with  a  glass  front,  throu^  which  tbe 

height    of   the    mercury-columns  maf 

be  obsorred.    The  tubes  pass  through 

tubulatures  in  the  bottom  of  the  vessel, 

and    are    secured    in    their   places   hf 

india-rubber    connectors.      The    vessel 

V  is  filled  with  water,  and  its  tempen- 

___    ^^  furc  is  readily  kept  constant  and  uni- 

ipBB  ^  I  "  ^B  j  form,  at  any  point  below  60°,  by  means 

«^  of  a  spirit-lamp  and  by  constant  agiu- 

I  g  "I  In   one   series  of  experiments,  Keg- 

J"        ' 1  ■  nault  employed  two  simple  baronicte> 

Fig- 110.  tultos,    one    filled    with    perfectly   dry 

mercury,  and  the  other  containing,  in 
addition,  a  small  quantity  of  water  above  the  mercury-column. 
For  each  temperature  of  the  bath  as  indicated  by  the  thermom- 
eter, T,  he  determined  the  difFcrcnce  of  level  of  the  mercury  in 
the  two  laromctei-tubes.  This  height  reduced  to  0°  was  eri- 
deiitly  the  measure  of  the  tension  of  the  vapor. 

In  another  series  of  experiments,  he  connected  with  the  upper 
end  of  the  barometer-tube  I,  by  means  of  a  copper  connector,  a 
glass  glol»e,  B,  having  a  capacity  of  about  600  cTm"'.  A  brancli 
of  this  connector,  e  i,  served  also  to  connect  the  globe  with 
an  air-pump,  through  a  U  tube,  n,  filled  with  pieces  of  pumice- 
stone  moistened  with  sulphuric  acid  ;  but  before  finally  adjustuig 
the  apparatus,  a  small  glass  bulb,  completely  filled  with  water 
and  hermetically  sealed,  was  introduced  into  the  glass  globe. 
After  tho  adjustments  were  completed,  the  interior  of  the  globe 
was  first  perfectly  dried  by  exhausting  the  air  and  allowing  it  to 
re-enter  a  great  number  of  times  through  the  tubes  e,i,fl.  It 
was  then  exhausted  for  the  last  time  as  perfectly  as  possible,  »ai 
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letube  i  hermetically  sealed  by  the  flame  of  a  blowpipe.  The 
lobe  was  next  surrounded  by  melting  ice,  and  the  tension  of  the 
mall  amount  of  air  left  in  it  carefully  determined  by  measuring 
ith  a  cathetometer  the  difference  of  level  of  the  mercury  in  the 
ro  barometers.  The  ice  having  been  removed,  some  pieces  of 
liming  charcoal  were  now  brought  near  the  bottom  of  the  globe, 
)  as  to  break  the  glass  bulb  within  and  liberate  the  water,  which 
t  once  evaporated,  and  filled  the  globe  and  the  upper  part  of  the 
arometer-tube  t  with  vapor.  It  only  remained  then  to  fill  the 
essel  V  with  water,  and  to  heat  the  batli  to  different  tempera- 
ores,  when  the  depression  of  the  column  of  mercury,  measured 
a  the  usual  way,  gave  the  tension  of  the  vapor  corresponding  to 
«ch  temperature. 

It  has  been  already  stated,  that  the  use  of  the  apparatus  just 
lescribed  is  limited  to  temperatures  below  60°.  In  order  to  de- 
armine  the  tension  of  the  vapor  of  water  at  higher  temperatures, 
Elegnaidt  resorted  to  an  entirely  different  method.  We  have 
before  seen  (282)  that  the  temperature  of  the  vapor  rising  from 
I  boiling  liquid  is  the  same  as  that  of  the  liquid,  and  that  its 
tension  is  always  equal  to  the  pressure  to  which  the  liquid  is 
exposed.  By  boiling  water,  then,  under  different  pressures,  and 
determining  the  temperature  at  which  it  boils,  we  shall  have  at 
onoe  the  tension  of  the  vapor  corresponding  to  each  tempera- 
ture. The  apparatus  represented  in  Fig.  411  was  used  by 
B^^ult  for  this  purpose.  It  consists  of  a  copper  boiler,  C, 
eonnected  by  the  tube  A  B  with  a  large  globe,  iH,  and  further 
connected  by  the  flexible  hose  H  H'  with  an  air-pump,  by  which 
the  pressure  on  the  surface  of  the  water  in  the  boiler  may  be 
'nntA  at  pleasure.  This  steam,  as  it  rises  from  the  boiler,  is 
condensed  in  the  tube  A  5,  which  is  kept  surrounded  by  cold 
vater  for  the  purpose,  and  the  temperature  of  the  globe  M  is 
abo  retained  at  a  constant  point  in  a  similar  way.  The  pressure 
lader  which  the  water  boils  is  accurately  measured  by  the  ma- 
aometer  O,  and  the  temperature  at  which  it  boils,  when  under 
thb  pressure,  is  determined  with  equal  accuracy  by  means  of 
Imr  thermometers,  whose  indications  serve  to  correct  each  other. 
Hiej  are  inserted  into  iron  tubes  closed  at  the  bottom  and  filled 
Ijth  mercury,  which  pass  hermetically  through  the  top  of  the 
iQiQer  and  descend  to  different  depths  in  the  steam  and  water  it 

iontains. 

49 
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The  method  of  nnng  the  a}q>ftrata8  will  be  made  clear  by  n 
example.  Let  us  suppoee,  tiien,  tliat  we  wish  U>  measure  Ibe 
tenrioo  of  the  vapor  of  water  at  temperatures  between  150°  ud 
100°.  We  should,  in  the  first  place,  connect  the  hose  HS'  with 
a  condeusing-pump,  and  force  Mr  into  the  globe  and  boiler  until 


the  manometer  indicated  a  pressure  in  the  interior  of  about  four 
atmofiplicrcs.  We  should  then,  by  means  of  a  charcoal-fumsce, 
boil  the  water  in  the  vcf^sel  C,  taking  care  so  to  regulate  the  heat 
tliat  the  steam  will  condense  in  the  tube  A  B  as  fast  as  it  fonni 
in  the  boiler.  When  this  is  the  case,  the  height  of  the  iii»- 
nomcler  will  remain  constant  during  the  whole  course  of  tin 
experiment,  provided,  of  course,  that  the  pressure  of  the  atmos- 
phere does  not  vary.  The  tension  of  tlie  steam  forming  in  tlw 
lK>iler  can  now  easily  be  determined,  for  it  must  evidently  be 
equal  to  the  height  of  the  barometer  added  to  the  difference  of 
level  of  the  two  mercury-columns  of  the  manometer.  The  tem- 
perature of  the  steam  corresponding  to  this  tension  is  then  asce^ 
taincd,  by  merely  inspecting  the  tliermometers  connected  with 
the  copper  boiler.     Let  us  suppose  that  the  difference  of  lerel  rf 
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flie  mercury-column  of  the  manometer  when  reduced  to  0°  is 
found  to  be  254.524  c.  m.,  and  that  the  height  of  the  barometer 
at  the  time,  also  reduced  to  O'',  is  76.209  c.  m.  The  tension  of 
the  steam  is  then  equal  to  330.733  cm.  On  inspecting  the  four 
tiiermometers,  thej  were  found  to  indicate  respectively  147** .50, 
147^49,  147^54,  and  147^36,  the  mean  of  tlie  four  being  equal 
to  147**. 48,  which  we  take  as  the  true  temperature.  Hence  it 
follows  that  at  147**  .48  the  tension  of  the  vapor  of  water  is  equal 
to  330.733  c.  m. 

Having  determined,  as  just  described,  the  tension  of  the  vapor 
of  water  at  one  temperature,  we  should  next  diminish  the  pres- 
sure on  the  surface  of  the  water  in  the  boiler,  by  allowing  a 
portion  of  the  air  to  escape  from  the  globe.  The  boiling-point 
of  the  water  would  at  once  fall,  and  we  should  then  measure  the 
tension  and  temperature  corresponding  to  the  new  conditions; 
and  by  repeating  this  process  several  times,  we  should  be  enabled 
to  fix  the  tension  and  corresponding  temperature  at  several  points 
between  ISO**  and  100^ 

The  apparatus  just  described  was  constructed  by  Regnault 
chiefly  to  test  the  method  on  which  it  is  based,  and  to  discover 
the  causes  of  error  to  which  the  method  is  liable.  The  appa- 
ratus actually  used  in  the  determination  of  the  tension  of  the 
^apor  of  water  at  temperatures  above  100**,  although  on  precisely 
the  same  principle,  was  constructed  on  a  very  much  greater  scale, 
and  capable  of  sustaining  a  very  great  pressure.  The  copper  boiler 
bad  a  capacity  of  about  70  litres,  and  its  walls,  5  millimetres 
tliick,  were  strengthened  by  bands  of  iron.  The  glass  globe  M  of 
Pig.  411  was  replaced  by  a  very  strong  copper  chamber,  having  a 
sipacity  of  280  litres,  and  this  was  connected  with  the  boiler  by 
I  tube  arranged  exactly  as  in  the  smaller  apparatus.  The  upper 
Murt  of  the  chamber  was  also  connected,  on  the  one  side  with  a 
mmp  for  condensing  air,  and  on  the  other  with  a  manometer. 
rhis  manometer  was  the  same  as  that  used  by  Regnault  in  his 
experiments  on  the  compressibility  of  gases,  to  which  we  have 
ilready  referred  in  connection  with  that  subject  (page  296). 
WTe  have  not  space,  however,  to  enter  into  a  detailed  descrip- 
ion  of  the  apparatus.  This  will  be  found  in  Regnault's  original 
nemoir.  Suffice  it  to  say,  that  every  precaution  was  taken  to 
lecare  accuracy  which  physical  science  could  suggest,  both  in 
ilie  apparatus  and  in  the  method  of  experimenting.     Regnault 
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was  able  to  experiment  with  this  apparatus  up  to  a  pressure  of 
twenty-eight  atmospheres.  Unfortunately,  at  thirty  atmospheres 
one  of  the  bolts  which  fastened  the  iron  bands  broke,  hi  con- 
sequence of  the  distention  of  the  boiler,  and  it  was  thought 
imprudent  to  continue  the  experiments. 

(289.)  Discussion  of  the  Results.  —  By  the  methods  described 
in  the  last  section,  Regnault  determined  the  tension  of  the  vapor 
of  water  at  different  temperatures  between  — 32^  and  230**.  The 
intervals  of  temperature  between  the  numerous  determinations 
were  necessarily  very  irregular,  the  precise  temperature  in  each 
case  depending  on  accidental  circumstances.  This  is  shown  by 
the  following  table,  which  gives  the  results  of  a  few  only  of  the 
observations  made  by  Regnault :  — 


Temp. 

Tension. 

Temp. 

Teniton. 

Temp. 

TeofllcQi. 

Temp. 

TemiBQ. 

—^2°  84 

0.028 

N2'.6l 

6.322 

•125JI 

177.895 

•194!42 

1034427 

—12.53 

0.161 

58  62 

13.905 

153.90 

394.486 

212.20 

1486.<1S 

0.00 

0.454 

•76.49 

30.671 

•167.40 

555.483 

221.33 

i:79i»l 

-1-20.51 

1.781 

•99.92 

75.790 

185.67 

857.242 

230.50 

2112.700 

From  these  results,  however,  we  can  easily  determine  the  tension 
corresponding  to  any  other  temperature  between'  tlie  limits  of 
observation  by  either  one  of  two  methods. 

Tlie  first  method  is  to  make  a  geometrical  construction  of  the 
results  of  the  experiments  similar  to  that  which  is  given  in  Fig. 
412.  Ill  this  figure,  the  abscissas  of  the  curve  a  6  c  i^  are  the 
degrees  of  temperature  ;  the  ordinates  are  the  correspondiug 
tensions  in  atniospliercs.  The  curve  is  constructed  through  tlie 
points  indicated  on  the  figure  by  dots,  and  these  were  fixed  by 
the  observations  marked  with  a  star  in  the  above  tabic.  By 
means  of  tliis  curve  we  can  evidently  ascertain  at  otice  the  ten- 
sion at  any  intermediate  temperature,  and  prepare  a  tal)le  similar 
to  that  on  page  571.  The  scale  of  Fig.  412  is,  however,  alto- 
gether too  small  to  furnish  even  approximate  results ;  but  on 
the  plate  accompanying  Regnault's  memoir  the  same  curve  will 
be  found  drawn  on  a  scale  which  is  suitable  for  the  purpose. 
The  curve,  even  as  drawn  in  our  figure,  will,  however,  convey 
to  the  mind  a  far  better  conception  of  the  rapidity  with  which 
the  tension  of  the  vapor  of  water  increases  with  the  temperature, 
than  could  be  given  by  a  column  of  numbers. 

The  second  method  of  determining  the  tension  at  temperatures 
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innediate  between  those  at  whicli  it  has  been  actually  observed, 
raats  ia  using  empirical  formulffi  Bimilar  in  principle  to  those 
ch  we  have  previously  cm- 
red  to  csfiruss  the  stAiiliility 
lalts  in  watL'r,  or  the  ratu  tif 
ausion  of  liquids  at  diflTcrent 
iperatui-es.  At  least  thirty 
h  formulic  have  been  proposed 
liffereut  times  fur  tlie  purpose, 
,ch  agree,  with  more  or  less 
aracy,with  different  Kcts  of  ol)- 
^'atioas.  The  determiiiatious 
Regnault  agree  very  nearly 
h  the  following  exponent  in! 
mula  proposed  by  Biot :  — 


logfl  = 
■rhich 


-Bo 


k20-. 


[Vj: 


B  five   Constanta  of  tliis  foi 
la   were   calculated   by  Rvj, 
ult 
n  5 


ween  —20°  and 


]og  B  =  0.1397743 

log  C  =  0.6924351 

log  a  =  9.9940493 

log  ^  =  9.9983438 

means  of  this  formula  we  can  calculate  tlie  tension  of  the 


Tircr  :£  -rsaer  s  anr  teoipentiire  within  (he  limits  of  the  ob6e^ 
Txau'Oiih.  TTX^  js  cnittC  ftixnmcr  as  that  of  the  experimental  data 
:ii  T^riA  :iiie  i^nnoL^  ^  b«s«ed:  but,  like  other  empirical  formula, 
72  sk^^M^  x  relied  vMa  if  tbe  temperature  much  exceeds  these 
£3k£s  oa  ffiher  ai».  la  calculating  the  table  on  page  571, 
SikuzIe  Tideii  d^  finftuLa  and  constants  just  given  for  all  tenh 
femxFei  Mv*;ea  10*X  aad  i^Jf^  but  for  lower  temperatures  he 
ixjzti  h  >KC  a>  xse  sv^^  similar  formulae  with  different  constants. 
rj2>X  •  FjrwkUijm  (ff  T^sfors  of  different  Liquids.  — The  laws 
of  ;2»e  5:r3sa&Ni  <f  tiue  ^apcc  c^  water,  which  have  been  enun- 
csucHi  ia  tbe  Ij^  few  w«rtioiis«  abo  hold  true  for  the  vapors  of 
<icb=r  l>z:i>is^  If  UKsaoid  \£  water  we  should  introduce  into 
iSatt  vessel  cxtwXM  vmbfie  Baecie  capacitv  assumed  in  (284)  a  small 
as>--:iiit  c«r  akx^j.  ecfaer*  sulphide  of  carbon,  or  any  other 
Uqu>i«  :«  wvxlM  be  SxuMi  diat  for  any  given  temperature  a  cer- 
tun  £xM  wiK^i  cf  <nc&  cf  these  liquids  would  evaporate,  and 
tha:  the  T^a^or  focnwd  wi.HiId  have  a  certain  fixed  tension.  If  the 
temr^r^zire  wiefif  iiicr«k$«f«L  mt>n?  liquid  would  evaporate  into 
the  cat4o  izfeeGr^.  aiid  the  asmoephere  of  vapor  formed  would  have 
a  greater  tensaoa  :  amd  if  the  temperature  were  diminished,  both 
the  w^irfi;  of  the  cubic  metr^  of  vapor  and  its  tension  would  be 
less.  F\ir:h^^n::on*,  :he  te^L^ioa  of  the  vapor  at  different  temper- 
a:uj^?s  c*:uli  t^  ie:eni::rj?d  bv  the  same  methods  used  in  the  case 

m 

•:•:"  ^iicr,  azi  ^^e  vvuli  n.tke  for  esich  liquid  a  table  similar  to 
il-i:  jz.  z<l^  -371.  Re|r.i4ult*  has  furnished  us  with  such  a  taWe 
for  ive  of  ;ho  m  ■!>;  fazciliar  liquids.  Tliis  table,  which  gives 
hv-r iTer.  ou'.y  :i:r.^  :ea<iv*c;s  of  the  vapors,  will  be  found  on  ilio 
oi'i^.r-ite  rvi.re.  The  weiiiht  of  one  cubic  metre  of  each  vaixir 
caii  r^  jiily  i»r  oaIcrJAto\i  lor  each  temperature  by  means  of  the 
^•"^m:u.Ije  wl.ich  will  Iv  developed  in  the  next  chapter. 

I:  hi^  alr-;a  :y  l»ee:i  <ta:<>i  i  iJS-'^,  that  at  the  lH>iling-point  the 
trrii^: >:■  .>:' :;.;  vi:«r  ofdiiy  I:  ii::i  i<  exactly  e^]ual  to  the  pressure 
o:'  :L*j  i::..  -;l;or\\  aud  PjIiou  supj-^.^se^l  that  at  lemperatun?^ 
e»4M.\y.y  •i.-:j.:i:  rbjiu  iheir  ry?<i."eciive  b».>ilmg-points  the  vapors  of 
all  li.jui'.is  ^'jre  approxiiiiariTely  e\|ual  in  tension.  If  this  principle 
(  wliicli  :s  iis'iilly  known  under  the  name  of  Palion*s  law)  were 
truo.  wv  c  ;ili  oa>ily  calculate  m>m  the  tension  of  the  vapor  of 
water  tl.a:  ••:*  ;i::y  oth  r  1:  riid.  Suppiose,  for  example,  it  was  re- 
quired to  niii  ilio  tension  of  ihe  vapH>r  of  ether  at  oO"*,  which  is  13' 

♦  Compels  Rendos.  Tom.  XXXTSL  p.  301. 
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*fc£!^      ^ 

LkohoL 

BtlMT. 

Sulphide  of 
Caiboo. 

Cblorofin 

_               ODof 

TnrpmMne. 

c 

—21 

0.312 

20 

0.384 

6.92 

16 

•    •    •             • 

•    • 

6.88 

« 

—10 

0.660 

11.82 

7.90 

0 

1.273 

18.28 

12.78 

•    •    1 

0.21 

-^10 

2.408 

28.66 

19.98 

13.04 

i                  0.28 

20 

4.40 

48.48 

29.82 

19.02 

1                   0.48 

80 

7.84 

63.70 

48.46 

27.61 

0.70 

40 

18.41 

91.36 

61.76 

86  4C 

)                  1.12 

50 

22.08               1 

26.80 

86.27 

62.42 

\                  1.72 

60 

85.00               1 

73.08 

116.26 

73.8C 

\                  2.69 

70 

63.92              2 

30.96 

154.90 

97.62 

\                  4.19 

80 

81.28              2 

94.72 

203.06 

186.7€ 

1                  6.12 

90             1 

119.04             a 

>S9.90 

262.31 

181. K 

\                  9.10 

100             ] 

168.50              4 

^92.04 

882.18 

2.')6.4C 

1                  13.49 

110             S 

K35.18               6 

124.90 

413.68 

802.0  J 

[                 18.78 

116 

.    .               1 

07.62 

... 

.    . 

■                ... 

120             I 

^20.78 

•        • 

612.16 

881. 8C 

)                26.70 

!     130             < 

1 

138.12 

•         i 

626.06 

472.  K 

)                 84.70 

!    186 

•    .                1 

I        «         i 

702.92 

•        • 

>                ... 

140             { 

S63.77 

1         •         i 

... 

46.23 

150          *; 

r25.78 

1         •        1 

60.43 

152             1 

r61.73 

1         •         1 

>                ... 

160 

•    •    •                < 

»        •         * 

77.72 

170 

>    .    •                1 

»         • 

.  *              98  90 

180 

>    .    .                < 

1         •         i 

i 

122.50 

190 

>    .    .                1 

1         • 

151.47 

200 

>    .    •                1 

*         • 

1 

186.56 

210 

>    .    .                1 

1        •         1 

225.12 

220 

•    .    •                < 

»         • 

2H9.08 

222 

I    .    .                1 

1        • 

277.85 

above  its  boiling-point.  According  to  the  above  principle,  this 
tension  is  the  same  as  that  of  the  vapor  of  water  at  115**,  or  126.9 
5.  m.,  a  number  which  differs  but  very  slightly  from  that  deter^ 
mined  by  actual  experiment,  and  given  in  the  foregoing  table.  It 
lias  been  shown,  however,  by  the  investigations  of  Regnault,  that 
Dalton's  law  is  not  absolutely  rigorous,  and  at  large  distances 
Brom  the  boiling-point  is  so  far  from  coinciding  with  the  facts, 
hsit  it  cannot  be  relied  upon  except  for  furnishing  the  first  rough 
ipproximation  to  the  actual  tension  of  a  volatile  liquid. 

It  follows  at  once  from  the  law  of  Dalton,  that  at  any  given 
^mperature  different  liquids  may  have  very  unequal  tensions, 


£84 


udf  monoTflr,  that  in  any  om  cm> 
tbe  tennon  must  be  the  gnttartbt 
lower  tbe  boilii^fKHiit  and  henoe  ths 
more  Tolatile  tbe  liquid.  Then  ftcb 
may  be  illustrated  bj  means  of  the 
app&ntiu  represeated  in  Fig.  41& 
It  coDsisbs  of  four  barometer^abci, 
all  dipping  iuto  tbe  same  basia  «f 
mercury.  The  first  at  tbe  left  ii  k 
perfect  barometer,  and  Aerefive  in- 
dicates tlie  pressure  of  the  air;  but 
the  others  contain  a  few  drops  of 
some  volatile  liquid  above  Ibe  nw^ 
curj-column.  Tbe  tenmon  of  ^  Ta- 
per of  theee  liquids  is  measured,  d 
course,  hj  tbe  depression  of  the  mer^ 
cury;  this  will  be  fbund  to  be  gretter 
in  proportion  as  the  boiling-point  is  lower. 

(291.)  Miximum  Tnuiim  of  Vigors.  —  Tbe  vapor  of  u; 
liquid  which  forma  in  a  confined  space  and  in  tke  pretence  tf 
am  excess  of  the  liquid,  has  always  the  greatest  tension  whidi 
the  vapor  can_  have  at  the  given  temperature.  To  recur,  for  ex- 
ample, to  our  previous  illustration  :  at  the  temperature  of  20*, 
there  would  form  in  tlie  vessel  described  in  (284)  a  cubic  metre 
of  vapor  weigliing  17.155,  and  having  a  tcusion  equal  to  1.789 
c.  m.,  provided  only  an  excess  of  water  were  present.  Now  thit 
is  tlic  greatest  tension  wliich  tlie  vapor  of  water  can  have  at  20*. 
If  by  mechanical  means,  as  by  sinking  a  piston  in  a  cylinder,  ve 
attempt  to  increase  the  elasticity  of  the  vapor  without  changing 
tlie  temperature,  we  find  that  it  is  at  once  condensed  to  liqnid 
water,  and  that  its  tension  remains  constant  at  1.739  c.  m.  until 
all  the  vapor  has  disappeared.  On  now  raising  the  piston,  At 
space  will  lie  filled  again  with  vapor;  but  so  long  as  a  dnqi  of 
water  remains  in  tlie  cylinder,  the  tension  of  this  vapor  iriD 
still  be  equal  to  1.739  c.  m.  If,  however,  after  all  tbe  water  bu 
evaporated,  we  still  continue  to  enlarge  the  capacity  of  tiie  cylin- 
der, then  the  vapor  will  act  like  a  gas,  and  its  tension  will  diniB- 
ish,  in  accordance  with  the  law  of  Uariotte ;  compare  (156.S)  sad 
(163).  In  the  above  illustration  we  have  assumed  that  tbe  te»- 
peraturo  of  the  vessel  was  constant  at  20° ;  but  the  same  priiiei[ila 
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nally  true  at  all  temperatuies  and  for  all  liquids,  aud  all  the 

ons  given  in  the  tables  on  pages  571  and  588  are  the  maxi- 

i  tensions  possible  at  the  respective  temperatures. 

ds  principle  may  be  illustrated  experimentally  by  means  of 

pparatus  represented  in  Fig.  414.     It  consists  of  a  barom- 

fcube  and  a  deep  mercury  cistern,  in  which 

ube  can  be  entirely  immersed.     In  order 

Lount  the  apparatus,  the  tube  is,  in  the 

place,  nearly  filled  with  mercury,  which 

iled  to  expel  the  air,  and  then  tlie  rest  of 

;ube  filled  ^ith  ether.     On  inverting  the 

and  plunging  the  open  end  under  the 
Jury  of  the  cistern  in  the  usual  way,  the  • 
:  rises  to  the  top  of  the  tube,  and  a  part 
dns  liquid,  while  the  rest  forms  a  va- 
which,  at  the  ordinary  temperature  of 
air,  depresses  the  mercury-column  about 
.  m. ;  so  that  the  mercury  stands  in  the 

at  40  c.  m.,  instead  of  76  c.  m.,  above 
level  of  the  mercury  in  the  cistern.  The 
on  of  ether  vapor  at  the  ordinary  temper-  ^ 
B  is  consequently  36  c.  m.^  If  now  we 
apt  to  increase  the  tension  of  this  vapor, 
consequently  diminish  its  volume,  by  sink- 
the  tube  in  the  cistern  (Fig.  414),  we 

find  that  a  portion  of  the  vapor  will  con- 
e ;  but  the  mercury-column  will  remain 
le  same  height  in  the  tube,  proving  that 
rapor  which  is  still  uncondensed  has  the 
J  elasticity  as  before.  On  continuing  to 
ess  tlie  tube,  it  will  be  found  that  the 
[it  of  the  mercury-column,  and  conse- 
itly  the  tension  of  the  vapor,  will  remain  pig.  414. 

lutely  the  same  until  the  last  bubble  has 

condensed.  This  proves  that  36  c.  m.  is  the  maximum 
on  which  the  vapor  of  ether  can  be  made  to  assume  at  the 
lary  temperature  of  the  air. 

192.)  Gases  and  Vapors. — The  principles  of  the  last  section 
ish  a  convenient  ground  of  distinction  between  gases  and 
rs.     It  is  usual  to  apply  the  term  vapor  to  such  aeriform 
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substances  as  are  easily  condensed,  either  by  pressure  or  by  odd, 
into  liquids,  and  which,  under  the  ordinary  conditions  of  atmos- 
pheric temperature  and  pressure,  exist  in  the  liquid  state.  This 
definition,  however,  is  purely  artificial,  and  makes  no  essential 
distinction  between  a  gas  and  a  vapor ;  and  we  therefore  prefer 
to  distinguish  by  the  word  vapor  the  peculiar  condition  of  aeri- 
form matter  when  it  is  at  the  point  of  maximum  tension.  Ac- 
cording to  this  definition,  a  vapor  is  a  condition  of  aeriform  mM,tr 
ter  which  obeys  the  law  of  Mariotte  when  its  volume  is  increased, 
but  which,  if  the  volume  be  diminished,  is  in  part  changed  into 
a  liquid ;  a  gas,  on  the  other  hand,  is  a  condition  of  aeriform 
matter  which  ol>eys  the  law,  whether  its  volume  be  increased  or 
diminished.  We  may  also  define  a  vapor  as  that  condition  in 
which  a  gas  exists  the  moment  before  its  change  of  state. 

This  distinction  between  a  gas  and  a  vapor  will  be  made  clearer 
by  pursuing  still  further  the  illustration  of  the  last  section.  LeC 
us  suppose  that  we  have  a  cylindrical  vessel  exposed  to  the  tem- 
perature of  130°,  and  filled  with  steam  having  a  tension  equal  to 
98.956  c.  m.  By  referring  to  Table  IX.  of  the  Appendix,  it  will 
be  seen  that  the  maximum  tension  of  the  vapor  of  water  at  130* 
is  203.028.  Now,  if  there  were  in  the  vessel  a  supply  of  water, 
the  liquid  would  continue  to  give  off  vapor  until  this  tension  was 
attained.  But  we  will  assume  that  there  is  no  liquid  water  pres- 
ent, and  that  the  cylinder  is  filled  with  expanded  steam.  Under 
these  circumstances,  the  steam  must  retain  the  tension  of  98.956 
c.  m.  so  long  as  both  the  temperature  and  the  volume  remain 
unchanged. 

If  now,  keeping  the  temperature  canstant,  we  increase  the  ca- 
pacity of  the  cylinder  by  raising  the  piston,  the  steam  will  expand, 
and  its  tension  will  diminish  in  accordance  with  Mariotte's  law. 
When  the  volume  is  doubled,  the  tension  will  be  found  to  be 
49.478  c.  m. ;  when  quadrupled,  the  tension  will  be  reduced  to 
24.7>59  c.  m.  ;  and  in  any  case  we  can  find  the  tension  corre- 
sponding to  the  increased  volume  by  the  proportion  * 

V  :    r  =  ^'  :  ^,  [200.] 


*  This  equation  is  merely  [98],  substituting  1^  and  ^'  for  ^  and  H',  The  sin- 
dont.must  be  cureful  to  bear  in  mind  that  the  tension  of  a  gas  is  always  equal  to  tlie 
incisure  to  which  it  is  exposed  (149).  We  here  leave  out  of  the  account  any  deriation 
from  Mariotto's  law,  which,  nevertheless,  may  be  very  considerable  as  the  point  of^cwi- 
dengation  is  approached  (165  and  166). 
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Iforeover,  when  the  yolume  has  been  only  so  far  increased  that 
the  tension  of  the  steam  has  been  reduced  to  76  c.  m.,  it  is  then 
in  the  same  condition  as  that  in  which  a  gas  (like  sulphurous 
ftcidy  for  example)  exists  at  the  ordinary  temperature.  It  will 
BOBtain  the  pressure  of  the  atmosphere,  and,  were  the  tempera- 
tore  of  the  laboratory  as  high  as  ISO"",  it  might  be  collected  over 
a  mercury  trough  and  transferred  from  one  jar  to  another,  like 
smy  other  gas. 

Again,  if,  still  keeping  the  temperature  constant  at  ISO"",  we 
now  lessen  tlie  capacity  of  the  cylinder  by  sinking  the  piston, 
the  tension  of  the  confined  steam  will  be  increased  up  to  a  cer- 
tain point  in  accordance  with  Mariotte's  law ;  in  other  words, 
it  will  manifest  all  the  characters  of  a  gas,  and  its  tension  at 
any  degree  of  condensation  may  be  calculated  by  the  same  for- 
mula as  before.  K,  however,  we  continue  to  sink  the  piston 
until  the  yolume  of  the  steam  is  reduced  to  a  little  less  than  one 
half  of  its  original  volume,  and  the  tension  increased  to  203.028 
c  m.,  we  shall  reach  a  point  at  which  the  steam  suddenly  ceases 
altogether  to  obey  the  law  of  Mariotte  ;  and  if  we  sink  the  piston 
still  further,  the  tension  will  not  increase  in  the  slightest,  but  a 
portion  of  the  steam  will  be  changed  into  water,  and  this  change 
vill  proceed  until  the  piston  reaches  the  bottom  of  the  cylinder, 
the  tension  all  the  time  remaining  constant  at  203.028  c.  m.  It 
B  to  this  peculiar  condition  of  aeriform  matter  that  we  give  the 
ttme  of  vapor. 

Returning  now  to  the  initial  condition  of  the  cylinder,  when  it 
i  filled  with  steam  at  the  tension  of  98.956  c.  m.,  let  us  vary  the 
temperature,  while  we  keep  the  volume  absolutely  constant.  If 
^  increase  the  temperature,  we  shall  increase  the  tension  of  the 
kmfined  steam,  according  to  the  same  law  by  which  the  tension 
»f  a  confined  mass  of  air  would  be  increased  under  the  same 
iroumstauces.  If,  on  the  other  hand,  we  lessen  the  temperar 
lire,  we  shall  diminish  the  tension  of  the  confined  steam,  accord- 
dg  to  the  same  law  as  before,  until  we  reach  a  temperature  at 
rhich  the  tension  of  the  steam  is  the  maximum  tension  for  that 
emperature.  Then,  on  still  further  cooling  the  cylinder,  a  por- 
ion  of  the  steam  will  change  into  water,  and  the  tension  of  the 
vmaining  vapor  will  be  found  to  be  the  maximum  tension  corre- 
ponding  to  the  reduced  temperature. 

If  we  know  the  tension  of  a  confined  mass  of  gas  at  any  given 


alvmji  wmiXSj  oalaihifii  ite 
mmmaaig^Wiwe  have  abom, tint &b vobai 
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far  tte  Tdne  of  tiie  intMiMA  tenwm. 


t  >  4  a  +  0.00866  £f  — ^).  [201.] 

Apfdjiair  iMyv  ibb  fenania  in  tlie  example  under  discosaoo,  1 
we  shoaM  find  thai  die  steamy  whose  tension  was  equal  to 
98.»56  c.  ai.  at  130*,  would  have  at  105**  a  tension  of 


{|  =  ft^«36  H-  (1  +  0.00866  X  25)  a=  90.641  cm. ; 

and  on  referring  to  the  taUe,  it  will  be  seen  that  this  is  Ae 
maximum  tension  which  steam  can  have  at  105**.  Hence  at  ttiv 
poiiu  iIk"  <coam  a5!«um<»  tlie  condition  of  vapor.  Bj  the  same 
foniiuU,  it  will  apfvar  thai  at  101^  the  tension  of  the  steam  wouU 
W  9<>.;>>4  0.  n).«  but  bj  the  table  87.541  c.  m.  is  the  maximiia 
tension  jH^is^iMe  at  104* :  as  much  vapor  will,  therefore,  be  cchh 
deiiseil  to  vater  as  is  neceasanr  to  reduce  the  tension  to  tte 
amount.  The  same  will  be  true,  to  a  still  greater  degree,  at 
any  lower  tem|K^rature. 

(^2^»o.>  Disii Nation.  —  It  has  now  been  showa,  first,  that  th 
tension  of  the  vapor  which  rises  from  a  boiling  Eqnid  is  alwaji 
et|ual  to  the  pressure  of  the  atmosphere ;  secondlj,  that  tiiis  ten- 
sion is  the  maximum  tension  possible  for  the  temperature,  so  tint 
if  the  vohmie  is  reduced  faj  mechanical  means  the  tension  is  not 
increased,  but  a  portion  at  the  vapor  is  condensed  to  the  hsfii 
state.  From  these  two  facts  it  follows,  as  a  necessary  coqm- 
quence,  that  a  vapor  will  be  condensed  to  a  liquid  by  the  pres- 
sure of  the  atmosphere,  if  its  temperature  fidls  below  the  boiling- 
point  of  this  liquid  (except  under  tiie  ecmditions  hereafter  to  bs 
considered,  when  the  vapor  is  difinsed  through  the  atmoqiheis 
itself). 


be  process  of  distillation,  vbich  is  used  in  the  arte  for  the 
M>se  of  separating  a  volatile  substance  from  one  that  is  fixed 
ess  volatile,  is  a  direct  illustration  of  this  principle.  The 
ilest  apparatus  for  the  purpose  is  represented  in  Fig.  415. 


■■  liquid  is  boiled  in  a  glass  retort,  and  tlie  vapor  which  is  thus 
aed  is  conducted  into  a  receiver,  where  it  is  cooled  below  the 
ing-point,  and  again  reduced  to  the  liquid  stat«.  Since  glass 
els  when  exposed  to  a  naked  lire  are  liable  to  break,  the  body 
he  retort  is  usually  protected  by  placing  it  within  an  iron  pot 
surrounding  it  with  sand.     Such  an  arrangement  is  termed 


md-bath,  or,  when  water  is  used  in  the  place  of  sand,  a  water- 
u     Another  form  of  distillatory  apparatus  is  represented  in 
416.    Here  the  neck  of  the  retort  is  connected  with  what  is 
50 
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cheucal  raiHics. 


lua&lly  tenned  a  lAebig't  eondaaer.  It  oonrists  of  a  tube 
of  glass,  which  is  kept  cold  by  a  curreot  of  vater  ciicotatiif 
through   a  copper  cylinder,  which  surrounds  it.     la  the  cod- 


inon  still.  Fig.  417,  a  lara:e  copper  boiler  supplies  the  place  ot 
tho  retort,  and  ihe  Ta[>or  is  condensed  in  a  spiral  tube  of  wp 
per.  calKil  u  worm,  which  is  kept  immersed  in  a  tank  of  wU 
water. 

Siiiee  tho  K)iling-point  of  a  liquid  is  reduced  in  proportion  as 
the  atmospheric  pressure  is  removed,  it  is  sometimes  advantageous 
to  conduct  the  proces 
of  distillation  in  a  psj- 
tial  vacuum.  This  i: 
especially  the  case  wifli 
some  oi^nic  subst&oM 
which  have  a  high  bnil' 
ing-point  and  are  de- 
composed by  heat.  The 
hiiiaT  apparahis      represented 

in  Fig.  418  is  adapted 
for  this  purpose.  The  retort  A  is  connected  by  an  hcrmelicallf 
sealed  joint  witli  the  receiver  B,  and  this  ^ain,  through  the  tube 
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r,  irith  an  air^omp,  by  which  the  {o^ssure  on  the  eurface  of  the 
liquid  in  the  retort  maj  be  very  greatly  reduced.  The  same 
pnaciple  is  applied  in  the  sugar  refioeries  in  order  to  coucen- 
tnte  syrups  at  a  low  temperature  (vacuum-pans}. 

(294.)  Sleam-Bath.  —  The  iact,  that  the  temperature  of  boil- 
bg  vater  and  of  the  eteam  rising  from  it  is  conetant  at  100°, 
is  frequently  applied  in  the  laboratory  when  it  is  important  to 
maintain  a  moderate  and  constant  degree  of  heat  for  a  length 
af  time.  The  arrangement  which  is  usually  adopted  for  evapo- 
nting  liqoids  at  100°  is  represented  in  Fig.  419.  The  porcelain 
eraporating-dish  rests  on  the  rim  of  a  hemispherical  vessel  of 
topper,  in  which  water  u  kept  constantly  boiling  by  means  of  a 
^t-lamp. 


Fli.  118.  Flf.  42D, 

Vat  dicing  precipitates,  or  for  expelling  the  water  of  erystalli- 
Vation  from  a  salt,  the  chemist  frequently  uses  a  steam-bath  like 
Hm  one  represented  in  Fig.  420.  This  is  simply  a  copper  oven 
Irith  double  sides,  which  is  maintained  at  100°  by  boiling  the 
Vlter  which  partially  fills  the  cavity  between  tlic  inner  and  outer 
Sning  of  the  oven. 

(295.)  Papin's  Digester.  —  Water,  when  enclosed  in  a  strong 
Teasel,  can  be  heated,  as  we  have  seen,  to  a  temperature  very 
Bnch  above  100° ;  and  this  fact  is  advantageously  applied  in 
Plena's  Digester,  which  is  very  useful  in  the  laboratory  when  it 
ii  reqoired  to  expose  substances  to  the  action  of  water  at  a  tem- 
pcntore  between  100°  and  200°  for  a  length  of  time.     It  consists 
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generally  of  a  thick  cylindrical  vessel  of  brass,  D,  Yig.  421, 
closed  by  a  thick  cover  of  the  same  material,  which  is  kept  m 
its  place  by  tlie  Ecrew  B  S.  A  safety-valve,  o  p  A,  serves  to 
regulate  the  pressure,  and  tinu 
the  temperature  of  tlie  water, 
as  well  as  to  insure  the  safety 
of  tlie  apparatus.  The  details 
of  the  construction  of  the  safc^- 
valve  are  given  in  Fig.  440.  Thu 
digester  can  also  be  used  with 
great  advantage  to  produce  chem- 
ic^  reactions  which  could  not  be 
readily  obtained  under  the  pres- 
sure of  the  air.  For  this  pu> 
pose,  the  substances  are  sealed 
up  t<^thcr  in  glass  tubes,  and 
exposed  to  the  temperature  of  the 
overheated  water,  and  any  iflte- 
rior  pressure  resulting  from  the 
^^""^^  "-"^^^  "  evolution  of  gas  in  the  tube  is 

more  or  less  balanced  by  the  ex- 
terior pressiire  of  the  confined  steam. 

(206.)  Condensation  of  Gases.  —  There  are  many  sul)slan«s 
which  boil  at  so  low  a  temperature  tliat  they  retain,  at  the  onli- 
nary  tem|KT:itiire  of  the  atmocphcre  and  under  the  usual  prrsfure, 
tho  coiulition  of  a  gas.  The  boiling-points  of  a  numlK?r  of  sucIj 
sulistnnccs  are  gi''on  in  the  following  tabic  :  — 


Siilplmmiis  AciJ, 


Ars 


liiie  of  Ilvdrogen 


—10  '  Sulphide  of  Ily.lrogen, 

— 20  IlyJiwchloric  Acid, 

—36  Carbonic  Afi<), 

— 58  I  Proioxide  of  Nitrogen, 


-87.i 


All  lliosp  substances  manifest,  at  the  ordinary  temperature  of 
the  air,  llic  same  physical  properties  which  t^team  would  manifest 
at  130°,  as  descriliod  in  (292)  ;  and  if  in  either  case  the  tempc^ 
alurc  of  the  gas  is  reduced  below  the  boiling-point,  then  the 
t«'nsion  of  the  vapor  will  l>e  reduced  to  less  than  1<\  cm.,  and 
tlie  gas  will  I>e  condensed  to  a  liquid  by  the  pressure  of  Uie  air, 
oxactly  as  in  the  process  of  distillation. 


^his  &ct  is  illustrated  by  the  common  method  of  preparing 

lid  sulphurous  acid.    This  gae,  which  is  generated  by  beatii^; 

ztit&t  metallic  mercury 

I  strong  sulphuric  acid 

b  glass  retort  (Fig.  422), 

passed  into  a   U  tube 

rounded  by  a  mixture 

ice  and  salt,  vhere  it 

ects  as  a  liquid.    Had 

the  means  of  pro- 
JDg  readily  a  sufficient 
ree  of  cold,  we  might 
ly  condense  to  liquids 

oUier  gases  in  the  same  way. 
'or  any  given  temperature,  tlie  vapor  of  each  of  the  substances 
uded  in  Uie  above  table  has,  like  the  vapor  of  water,  a  definite 
[imum  tension,  which  it  cannot  exceed  ;  and  if  we  had  the 
aisite  data,  wo  could  make  out  for  each  one  a  table  of  maxi- 
m  tensions  at  different  temperatures  sunilar  to  the  tables  on 
es  571  and  583.  Bunsen  has  furnished  us  with  such  a  table 
the  first  three  substances. 


ns.42a. 


+5 


25 


354 
4S0 


304 
361 
426 
498 
578 
667.4 


[oreover,  what  was  shown  in  (292)  to  be  true  in  regard  to 
m  at  130°  is  equally  true  of  these  gases  at  tlie  ordinary  tem- 
iture  of  the  air.  If,  for  example,  we  suppose  the  cylinder,  so 
n  referred  to,  to  be  filled  with  sulphurous  acid  gas,  and 
ntained  at  a  constant  temperature  of  15°,  we  should  find,  on 
ising  down  the  piston,  that  the  tension  would  increase  as  the 
50' 
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Tolnme  dimiouibed,  mtil  it  became  equal  to  SOS  e.  n. ;  bot  « 
still  further  reducing  the  Toliune,  tha  gas  Toald  liquefy.  TIh 
wme  would  be  true  of  cyanogen  when  the  tenwn  became  aquil 
to  833  c.  m.,  uid  of  ammonia  when  it  became  equal  to  578  e. », 
assuming,  of  coprse,  that  the  tempeiatore  of  the  t^linder  ■ 
maintuned  constant  at  15*.  If  the  tempemton  is  diminWied, 
the  gases  cannot  acquire  so  great  a  tennon ;  if  it  is  raised^  the 
tension  may  be  greatlT  incieaaed. 

These  facts  may  be  very  el^;antly  iUostrated  by  means  of  the 
apparatus  represented  in  Fig.  428.  It  consists  of  an  irm  dsten, 
A,  filled  with  mercury,  and  dosed 
on  all  sides  with  the  excc^rtioD  of 
five  drcnlar  apertnres  through  Am 
top.  Into  four  of  these  may  be 
BCiewed  the  irmi  tubes  a,  b,  e,  sad 
d,  which  reach  to  the  bottom  of 
the  cistern.  These  tubes  are  pro- 
vided with  a  broad  shoulder,  and 
are  screwed  down  upon  lead  waib- 
ers  with  a  wrench,  so  as  to  enaUe 
the  joint  to  resist  a  {veasuie  cf 
ten  or  twelve  atmospheres  vitb- 
out  yielding.  Into  the  open  ends 
of  these  iron  tubes  the  ^ass  tubes 
1, 2, 3,  and  4  are  cemented.  The; 
are  about  one  centimetre  in  diam- 
1%.  «a.  eter  and  closed  at  the  top.    When 

the  apparatus  is  iu  use,  oue  of  Ibe 
tubt>s  may  be  filled  with  air,  and  the  other  three  with  ammonia, 
cvHiu^'H,  and  sulphurous  acid,  respectiTely.  By  the  fifth  apw- 
tun.>.  c,  the  interior  of  the  mercury-cistern  connects  with  Ac 
fon.t'-piinip  P.  through  tlie  tube  jr;  and  by  this  water  may  be 
fun-nl  in  upon  the  surface  of  the  mercury.  The  pressure  thai 
exvrtei)  will  cause  the  mercuiy  to  rise  in  the  several  tabes,  and 
as  the  Toliintes  of  the  confined  gases  are  diminished,  it  will  be 
noticctl  that  their  tension  rapidly  increases.  This  tension,  which 
is  evidently  the  same  in  all  four  tubes,  is  measured  by  the  tube 
containing  air,  which  serves  as  a  manometer  (168.  S}.  If  Ae 
temperature  of  the  apparatus  is  kept  constant  at  15*,  the  tensioa 
will  increase  until  it  is  equal  to  298  c.  m. ;  then  the  snlpburooi 
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acid  will  begin  to  liquefy,  and  the  tension  will  remain  equal  to 
293  c.  m.  until  all  this  gas  has  disappeared.  It  will  then  again 
increase  until  it  reaches  333  c.  m.,  when  the  cyanogen  will 
liquefy ;  and,  finally,  after  this  gas  has  also  been  reduced  to  a 
liquid,  the  tension  will  increase  again  until  it  becomes  equal  to 
578  c.  m.,  when,  last  of  all,  the  ammonia  will  liquefy.  If  now 
we  remove  the  pressure  by  opening  the  stopcock,  which  vents  the 
water  from  the  cistern,  the  liquids  will  be  seen,  one  after  the 
other,  to  boil  violently,  and  return  to  the  condition  of  gas. 

Since  the  tension  of  a  gas  is  always  equal  to  the  pressure  to 
which  it  is  exposed,  it  follows  that  any  gas  will  be  condensed  to 
a  liquid  if  it  is  exposed  to  a  pressure  which  is  greater  than  its 
mazimTim  tension  at  the  given  temperature.  The  maximum 
tensions  of  a  number  of  gases  at  0"*  are  approximatively  as  fol- 
lows: — 

Maximum  Tension  at  (f  C. 


Atmospheret. 

Chlorine,  ....     8.95 
Sulphide  of  Hydrogen,  .       10 
Chlorohydric  Aci<},    .         .26.2 
Protoxide  of  Nitrogen,  .       32 
Carbonic  Acid,  .        .         .  38.5 


Atmoaphefes. 

SolphiiroaB  Adid, 

,     1.58 

Cyanogen, 

2.87 

lodohjdiic  Add, 

.    3.97 

4.40 

Anenide  of  Hydrogen, 


8.80? 


Ajid  if,  in  either  case,  the  temperature  being  at  0"*,  the  gas  is 
Exposed  to  a  greater  pressure  than  the  tension  indicated  in  the 
table,  it  will  be  condensed  to  a  liquid.  If  the  temperature  is 
tiigher,  the  pressure  required  in  each  case  will  be  greater.  If  the 
fcemperature  is  lower,  the  pressure  required  will  be  less  ;  and  if 
in  either  case  the  temperature  is  reduced  below  the  boiling-point 
of  the  substance,  the  gas  will  be  condensed,  as  we  have  seen,  by 
Qie  pressure  of  the  air  alone.  It  is  evident  that,  in  condensing 
gjMes  to  liquids,  a  great  advantage  is  gained  by  reducing  the 
temperature  as  low  as  the  circumstances  will  permit,  and  hence 
It  is  usual  to  employ  both  pressure  and  cold  for  the  purpose. 
Bevaral  of  the  processes  in  use  are  as  follows. 

The  simplest  method  of  condensing  gases  consists  in  generate 
ing  ft  large  volume  of  the  gas  from  the  proper  chemical  materials 
in  ft  confined  space.  This  metliod  was  used  by  Faraday  in  his 
mginftl  experiments  on  this  subject.    He  generated  the  gas  in 


CHEMICAL  PHTSIC8. 


/v 


one  end  of  a  strong  glass  tube,  bent  at  the  middle,  aa  represented 
in  Fig.  424,  and  hermetically  sealed.  The  gas  accumulating  ia 
the  confined  space  exerted  a  great  presson 
against  the  sides  of  the  tube,  and  Then  this 
pressure  became  equal  to  the  maximum  ten- 
sion, a  portion  of  the  gas  was  condensed  to  t 
liquid.  This  collected  in  the  other  end  of  the 
tube,  which  was  immersed  in  a  freezing-mixture  to  facilitate  tlie 
process.  With  this  simple  apparatus  Faraday  succeeded  in 
liquefying  sulphurous  acid,  cyanogen,  chlorine,  ammonia,  sul- 
phide of  hydrogen,  carhouic  acid,  muriatic  acid,  and  nitroiu 
oxido  gases. 

The  principle  of  Faraday's  condensing  tubes  was  aftemids 
applied  by  Tliilorier  to  condensing  carbonic  acid  gas  on  a  large 


Eicalc.  The  apparatus  which  he  devised  for  the  purpose  is  repre- 
sented in  Fig.  425.  It  consists  of  two  cylindrical  vessels  of  iron, 
made  exceedingly  strong,  and  of  the  capacity  of  about  eight  litres 
oneh.  Tli-'v  are  closed  by  valve  stopcocks  of  peculiar  construc- 
tion, which  screw  into  the  necks  of  the  two  vessels  and  can  be  re- 
m.ivod  at  pleasure.  By  moans  of  the  copper  connecting-tube  F, 
whii'h  can  be  attached  by  couplers  to  the  discharging  orifice  of  lie 
valves  2)  and  N,  the  two  cylinders  may  be  united  when  necesssrj' 
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In  order  to  use  the  apparatus,  the  valve  C  is  removed  from 
the  cylmder  A,  called  the  generator,  and  a  charge  is  introduced, 
consisting  of  one  kilogramme  of  pulverized  bicarbonate  of  soda 
mixed  with  a  litre  of  lukewarm  water.  After  tliis  has  been 
poured  into  the  cylinder,  a  long  cylindrical  vessel  (jE),  contain- 
ing about  650  grammes  of  common  oil  of  vitriol,  is  carefully  let 
down  by  a  hook  without  spilling.  The  valve-cock,  having  been 
first  carefully  closed,  is  now  screwed  down  tightly  to  the  mouth 
of  the  generator,  which  is  then  turned  upon  its  supporting-pivots 
80  as  completely  to  invert  it,  and  thus  mix  the  acid  with  the  car- 
bonate of  soda.  The  carbonic  acid  of  the  salt,  which  amounts 
to  more  than  half  of  its  weight,  is  now  rapidly  disengaged,  and 
accumulates  in  the  vacant  part  of  the  generator,  exerting  great 
elastic  force.  The  generator  is  next  connected,  as  represented  in 
the  figure,  with  the  second  large  cylinder  (-B),  which  serves  as  a 
receiver,  and  which  is  surrounded  by  a  mixture  of  ice  and  salt. 
On  opening  the  two  valves,  the  condensed  gas  rapidly  passes  over 
and  collects  in  the  cold  receiver.  The  cylinders  are  then  dis- 
connected, after  first  closing  the  valves,  and,  the  generator  having 
been  carefully  emptied,  the  same  process  is  repeated.  After  two 
or  three  charges  have  been  in  this  way  conveyed  into  the  receiver, 
the  pressure  becomes  sufficient  to  liquefy  the  gas  ;  and  after  ten 
or  twelve  charges  the  receiver  may  contain  several  litres  of  liquid 
carbonic  acid.  The  receiver  is  tlien  finally  detached,  and  the 
liquid  which  it  contains  preserved  for  use.  If  this  liquid  is  al- 
lowed to  flow  out  into  the  air,  a  portion  of  it  evaporates,  and,  as 
we  should  expect,  with  great  rapidity  ;  but,  what  is  more  won- 
derful, the  cold  caused  by  the  evaporation  is  so  great,  that  the 
larger  part  of  the  liquid  freezes,  changing  into  a  white  flocculent 
solid  resembling  snow.  This  very  remarkable  phenomenon  will 
be  best  studied,  however,  in  connection  with  the  latent  heat  of 
vapors.  In  order  to  show  the  substance  in  its  liquid  condition, 
a  small  quantity  may  be  drawn  off  from  the  receiver  into  the 
thick  glass  tube  P,  which  is  then  closed  by  a  valve-cock  like  that 
of  the  receiver  itself.  It  is  always  dangerous,  however,  to  con- 
fine liquid  carbonic  acid  in  glass. 

Although  the  apparatus  of  Thilorier  is  exceedingly  conven- 
ient, and  yields,  with  little  labor,  a  large  supply  of  liquid  carbonic 
acid,  yet  its  use  is  not  unattended  with  danger  ;  and  a  fatal  acci- 
dent, caused  by  the  bursting  of  one  of  the  iron  generators,  at  the 
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School  of  Pharmacy  in  Paris,  has  broagfat  it  into  general  du- 
&Tor.  The  danger  arises  from  the  circumstance  that  the  chein- 
ical  action  of  the  sulphuric  acid  on  the  carbonate  of  soda  is 


attcii(](!d  with  the  evolution  of  heat,  which  raises  the  tempera- 
ture of  the  generator,  and  very  greatly  increases  the  maiiroum 
tension  of  tlie  gas.  In  the  receiver,  wheu  surrounded  bj-  ice 
and  salt,  the  tension  is  com|)aratively  feeble,  and  all  danger  dmt 
be  avoidoil  hy  condensing  tlic  gas  with  a  force-pump  directly  iiitn 
the  cold  rociiiver.  An  apparatus  for  tliis  purpose  is  coustruciei) 
both  by  Natterer,  in  Vienna,  and  by  Bianchi,  in  Paris.  It  coo- 
sists  of  a  condensing-pump  (178),  represented  at  /  in  Pig.  4ift!, 
whicli  draws  the  gas  from  a  gasometer  through  the  flesihle  hof« 
s,  and  forces  it  hito  an  iron  receiver,  which  is  represented  in 
Fig.  4:27,  of  one  fifth  of  its  usual  siEO.     This   receiver  strcTS 
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upon  the  upper  end  of  the  pump-barrel,  and  it  is  closed  below 
by  a  self-acting  valve,  and  above  by  the  valve-cock  g-,  as  shown 
in  Pig.  427.  A  crank  and  fly-wheel  facilitate  the  working 
of  the  piunp ;  but  it  requires  several  hours  of  hard  work  to 
Uquefy  only  500  granunes  of  gas.  After  the  receiver  is  about 
two  thirds  filled  with  liquid,  it  is  unscrewed  from  the  pump- 
barrel,  and  the  liquid  can  then  be  drawn  out  by  inverting  it  and 
opening  the  valve  g.  This  apparatus  has  been  especially  used 
for  Mqnefying  nitrous  oxide  gas. 

Ftdfessor  Faraday  succeeded  in  liquefying  several  gases  which 
had  not  been  condensed  before,  by  combining  the  action  of  intense 
cold  and  great  pressure,  the  last  obtained  with  a  very  powerful 
condensing  apparatus.    This  apparatus  consisted  of  two  condens- 
ing qrringes.    The  first  had  a  piston  of  an  inch  in  diameter,  the 
second  of  only  half  an  inch  ;  these  syringes  were  connected  by  a 
pipe,  so  that  the  first  syringe  forced  the  gas  through  the  valves 
of  the  second,  and  the  second  syringe  was  then  used  to  compress 
still  more  higlily  the  gas  which  had  already  been  condensed  by 
the  action  of  the  first,  with  a  pressure  varying  from  ten  to  twenty 
atmospheres.    The  gases  were  condensed  by  this  apparatus  into 
tubes  of  green  bottle-glass  bent  at  the  middle  into  the  form  of  a  U, 
and  closed  at  the  ends  with  brass  caps  and  stopcocks,  secwely 
&stened  by  means  of  a  resinous  cement.     The  curved  portion  of 
the  tube  was  immersed  in  a  bath  of  solid  carbonic  acid  and  ether, 
and  at  times  a  still  greater  degreeof  cold,  estimated  at — 110®, 
was  obtained  by  placing  the  bath  under  the  receiver  of  an  air- 
pump  and  exhausting  the  air.     When  exposed  to  this  very  low 
temperature,  most  of  the  liquefied  gases  froze,  as  is  shown  by 
the  following  table,  which  contains  the  results  of  Faraday :  — 


Gmm  not  j«t  liquefied. 

Air. 

Oxygen. 

Nitrogen. 

Hydrofven. 

Oxide  of  Carbon. 

llanhGaa. 

I>0iitoxide  of  Nitrogen. 


Gases  Liquefied, 
bat  not  Froaen. 

Olcfiant  Gas. 

Chlorohydric  Acid. 

Fluohydric  Acid. 

Fluosilicic  Acid. 

Phosphide  of  Hydrogen. 

Arsenide  of  Hydrogen. 


Oaeee  Uquefled,  Melting- 

and  also  Frosen.  Point. 

Bromohydric  Acid,  -— S*> 

Cyanogen,  35 

lodohvdric  Acid,  51 

Carbonic  Acid,  58 

Ammonia,  75 

Sulphurons  Acid,  7S 

Sulphide  of  Hydrogen,       Si 


Chlorine. 

Protoxide  of  Nitrogen,  — 100 

More  recently,  Natterer  of  Vienna,  has  constructed  a  vastly 
more  powerful  condonsing  apparatus  than  that  of  Faraday,  al- 


«00 

thoogh  <m  a  nmilar  principle,  by  wbich  he  has  been  able  to  ex- 
ezert  a  presBore  ni  neariy  three  thomamd  atmospheres ;  but  the 
gases  enumerated  in  die  first  column  of  the  above  taUe  did  not 
yield  even  to  this  immensB  pressoie,  and  indeed  ware  not  cod* 
densed  so  much  as  we  should  be  led  to  expect  from  the  law  of 
Mariotte.  For  a  description  ni  this  ajqiaratus,  the  student  mij 
consult  the  memoir  already  referred  to  (page  299). 

The  facts  of  this  sactioa  all  tend  to  diow  how  completely  the 
mechanical  C(Hidition  ni  matter  depends  on  the  temperature  of 
the  globe.  If  the  mean  temperature  were  lOV  below  the  present 
point,  by  far  the  larger  number  of  known  gases  would  be  either 
solids  or  liquids.  To  die  inhabitants  of  such  a  climate  (whom 
we  may  suppose  to  use  a  Centigrade  thermometer  on  irikich 
— ^100**  of  our  scale  would  be  die  snt^foint),  protoxide  of  nitro- 
gen would  be  a  veiy  Tolalile  liquid,  fieeang  at  (f  and  boiling  it 
13* :  cyanogm  would  be  a  ciTBteUine  solid,  melting  at  65**  and 
boiling  at  80* ;  and  sulpirarons  add  would  be  a  solid,  melting  at 
24*  and  boiling  at  90*.  On  die  other  hand,  were  the  mean  tem- 
perature of  the  ^obe  100*  abore  die  present  point,  many  of  our 
most  fcmiliar  Uqaids  would  be  known  chiefly  as  gases.  Ether, 
alcohol,  and  water  would  stand  Tery  nearly  in  the  same  rehtiOB 
in  such  a  climate  that  sulphide  of  hydrogen,  cyanogen,  and  sul- 
phurous acid  do  in  ours. 

Then?  is  e^err  reason  to  believe  that  all  gases  might  be  coo- 
dou<ed  to  liquids,  if  a  sufficient  degree  of  cold  and  pressure  could 
Iv  attained :  and  we  oi^t  not  to  be  surprised  at  the  difficultr 
extvrieuceil  in  lique^ng  the  gases  above  enumerated,  when  ve 
ivmomlter  how  very  rapidly  the  maximum  tension  of  vapors  in- 
creases with  the  temperature,  and  how  very  limited  our  means  of 
reilucine  the  temperature  are,  as  compared  with  our  means  of 
elevating  it.  We  can  easily  attain  a  temperature  of  5fiWf  C, 
while  we  can  scarcely  r^uce  the  temperature  of  bodies  to  — ^loV. 
At  l,iHK)^  the  maximum  tension  of  the  vapor  of  water  would  be, 
unquestionably,  equal  to  many  thousand  atmospheres,  and  it 
wi^uld  undoubtetlly  be  found  as  difficult  to  condense  to  a  liquid 
the  vajK^r  of  water  in  the  highly  rarefied  condition  which  it  would 
have  at  that  temperature  under  the  mere  pressure  of  the  air,  as 
it  is  now  found  to  condense  the  so-called  permanent  gases. 

^^•J^.^T,'^  Gnrafesi  Dtmsity  of  Vapor. — By  referring  to  the  table 
on  i^age  571,  it  will  be  seen  that  the  weight  of  one  cubic  metre 
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of  the  vapor  of  water — and  hence,  also,  its.  density  (68)  —  in- 
creases very  rapidly  with  the  temperature.  This  is  also  shown 
by  the  curve  a  bfg  of  Fig.  412.  The  ordinates  of  this  curve 
represent  the  weight  of  one  cubic  metre  of  vapor  at  the  corre- 
sponding temperatures  indicated  by  the  abscissas,  and  the  dis- 
tance between  any  two  horizontal  lines  of  the  figure  corresponds 
to  a  difference  of  weight  equal  to  588.73  grammes.  At  230^.9 
the  weight  of  one  cubic  metre  of  vapor  is  already  ^  of  the 
weight  of  a  cubic  metre  of  water  at  4°,  and  at  the  same  rate  of 
increase  tlie  weight  of  the  vapor  at  no  great  elevation  of  temper- 
iture  would  be  equal  to  that  of  its  own  volume  of  water.  At 
Buch  a  temperature  water  would  change  into  vapor  without  in- 
ereasing  its  volume,  provided  that  a  vessel  could  be  made  suili- 
dently  strong  to  bear  the  immense  pressure  which  it  would  then 
exert.  The  same  must  also  be  true  of  the  vapors  of  other  liquids, 
80  tliat  at  a  temperature  more  or  less  elevateds  the  density  of  the 
?apor  will  becomq  equal  to  the  original  density  of  the  liquid, 
which  will  then  change  into  vapor  without  increasing  its  volume. 
An  approach  to  these  phenomena  has  been  observed  by  M. 
Cagniard  de  la  Tour.*  He  sealed  \ip  in  a  strong  glass  tube  a 
resume  of  water  equal  to  about  one  fourth  of  the  capacity  of  the 
babe,  and  exposed  it  to  a  gradually  increasing  temperature.  At 
IE  fixed  temperature  the  water  entirely  volatilized,  and  the  tube 
Bippeared  empty.  TJiis  temperature,  at  which  water  thus  evapo- 
cates  into  a  space  of  about  four  times  its  own  bulk,  is  near  the 
melting-point  of  zinc  (360°).  So  great  was  the  solvent  power 
of  water  on  glass  at  this  high  temperature,  that  it  soon  destroyed 
the  integrity  of  the  tubes,  and  a  small  amount  of  carbonate  of 
Boda  was  added  to  the  water  to  diminish  this  action.  As  the 
vipor  cooled,  a  point  was  observed  at  which  a  sort  of  cloud  filled 
the  tube,  and  in  a  few  moments  after,  the  liquid  reappeared 
ahnost  instantaneously.  M.  de  la  Tour  made  similar  experi- 
ments with  alcohol,  ether,  and  sulphide  of  carbon,  with  the  foU 
lowing  results :  — 

Temperature      Toluine  of  Vapor      Tension  of 
of  1  i/appear-     ad  compared  with       Vapor  in 
am-e.  \ulume  of  Liquid.   Atmo^pheret. 

Alcohol  (36°  Baume),        .         .     2bT  3  119 

Ether, 200  2  37 

Sulphide  of  Carbon,  .         .         .275  2  78 

- —  — - 

*  Annalcs  de  Chimie  et  de  Physiqae,  2«  Se'rie,  Tom.  XXL,  XXII. 
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The  tensioD  of  the  Triors,  as  giTen  in  the  above  table,  is  &r 
less  than  we  should  hare  expected ;  for,  if  Hariotte's  law  held 
good  in  these  cases,  ether  should  have  exerted  a  pressure  equal 
to  about  209  atmospheres,  and  alcohol  of  at  least  242.  Here, 
then«  we  have  a  rerr  marked  example  of  the  principle  previously 
enunciated  (1*>6),  that  as  the  point  of  liquefaction  is  approached, 
the  compressibilitj  of  a  gas  deviates  more  and  more  widely  from 
the  law  of  Mariotte.  The  experiments  of  De  la  Tour  also  show, 
that  uuder  these  enormous  pressures,  even  before  the  whole  d 
the  liquid  has  evaporated,  the  tension  of  the  vapor  varies  with 
the  proportion  which  the  liquid  bears  to  the  space  in  which  it  is 
coutiued. 

(298.)  SmaUesi  Density  of  Vapor.  —  Having  seen  that  the 
highest  limit  of  the  density  of  vapor  is  probably  at  least  as  great 
as  the  den^iity  of  the  liquid  from  which  it  is  formed,  we  naturally 
next  inquire.  Is  there  any  lowest  limit?  Do  substances  condnue 
to  evaporate  at  all  temperatures,  however  low,  or  is  there  some 
limit  of  temperature  at  which  they  cease  all  at  once  to  emit 
va|X)rs  ?  By  again  referring  to  the  table  of  maximum  tensious 
(page  571),  it  will  be  seen  that  even  at  10°  below  the  fireering- 
point  water  forms  a  vapor  weighing  2.284  grammes  to  the  cubic 
metre,  and  having  a  tension  of  0.2078  c.  m. ;  and  even  at  20" 
below  the  freezing-point  it  forms  a  vapor  with  a  tension  of  0.1383 
cm.  It  was  formerly  supposed  that  substances  which  were  de- 
cidedly volatile  at  the  ordinary  temperature  continued  to  emit 
vapor,  however  far  the  temperature  might  be  depressed,  although 
the  quantity  beciime  less  and  less,  until  it  was  inappreciable  to 
our  senses.  It  was  even  thought  by  some,  that  fixed  solids,  such 
as  the  metals  and  the  rocks,  gave  out  a  sensible  amount  of  vajwr, 
so  that  traees  of  these  substances  were  always  to  be  found  float- 
ing in  the  atmosphere.  Some  researches  of  Faraday,  however, 
appear  to  establish  an  opposite  conclusion.  He  found  that  mer- 
cury gave  out  a  perceptible  vapor  during  the  summer,  but  none 
during  the  winter  ;  and  also  that  some  chemical  agents  which 
may  be  volatilized  at  temperatures  above  150°  did  not  undereo 
the  slightest  evaporation  during  four  years  at  the  ordinary  tem' 
pcrature  of  the  air.  The  best  opinion,  therefore,  appears  to  be, 
that  there  is  for  every  body  a  temperature  at  which  it  ceases  all 
at  once  to  give  out  vapor.  With  mercury,  this  temperature  lies 
between  4°  and  15°. 
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(299.)  LtUent  Hea4  of  Vapor.  —  The  change  of  state  from 
liquid  to  vapor  is  accompanied  with  a  very  great  amount  of  ex- 
pansion ;  thus, 

1  ami* of  Water    at   100**  forms  about  1700  ^i^' of  steam  at  lOo! 
1    «    "   Alcohol   "      78.4    "       ."        485    «     «  vapor  "     78.4. 
1    "    «   Ether      «     35.6    «        «        357    **    "       «       «     35.6. 

And,  indeed,  the  heaviest  known  vapor,  that  of  iodide  of  ar- 
senic (j^.  Gr.  =  16.1  as  compared  with  air,  or  0.021  as  com- 
pared with  water),  is  thirty  times  lighter  than  the  lightest  known 
liquid,  eupion  (<^.Gr.  =  0.633).  Wo  should  naturally  expect 
that  such  great  expansion  would  be  attended  with  a  large  absorp- 
tion of  heat.  A  single  experiment  will  enable  us  to  illustrate 
this  fact,  and  also  roughly  to  estimate  the  amount  absorbed  in  the 
case  of  water. 

Take  a  glass  flask,  and  having  placed  in  it  one  kilogramme  of 
ice-cold  water,  expose  it  to  such  a  source  of  heat  that  equal  amounts 
of  heat  shall  enter  it  during  equal  times.  Observe  carefully  the 
time  which  elapses  before  the  water  boils.  We  will  assume  that 
it  is  twenty  minutes.  Observe  also  the  temperature  of  the  water 
and  of  the  steam  which  fills  the  upper  part  of  the  flask.  It  will 
be  found  to  be  100"",  and  both  will  remain  at  this  temperature 
until  the  whole  of  the  water  has  boiled  away.  Continue  the 
boiling  for  fifty-four  minutes,  and  at  the  end  of  this  time  weigh 
the  water  remaining  in  the  flask,  when  it  will  be  found  that 
exactly  one  half  has  been  converted  into  steam  and  escaped. 
We  assumed  that  it  required  twenty  mmutes  to  boil  the  water, 
that  is,  to  raise  the  temperature  of  one  kilogramme  of  water  from 
0*  to  100°.  During  this  time,  then,  one  hundred  units  of  heat 
must  have  entered  the  liquid.  Hence  it  follows,  that,  during 
the  succeeding  fifty-four  minutes,  two  hundred  and  seventy 
units  of  heat  entered  the  water ;  but  this  amount  of  heat  has 
not  raised  the  temperature  in  the  slightest  degree,  for  both 
the  water  and  the  steam  have  retained,  during  the  whole  intcr- 
?al,  the  constant  temperature  of  100°.  What,  then,  has  become 
of  the  heat  ?  The  answer  is,  that  it  has  been  absorbed  in  con- 
certing 500  grammes  of  water  at  100°  into  500  grammes  of  steam 
at  tlie  same  temperature.     It  follows,  then,  that  one  kilogramme 
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of  water  at  100°  absorbs,  in  changing  into  steam  of  the  Mine 
temperature,  540  units  of  heat.  The  latent  heat  of  steam,  n 
well  as  tliat  of  other  vapors,  can  be  ascertained  vith  great  accu- 
racy by  means  of  tlie  apparatus  represented  in  Fig.  428,  contrived 
by  Brix,*  of  Berlin.  It  consists  of  a  small  glass  retort,  R,  con- 
necting witli  a  small  metallic  cylindrical  condenser,  B.  Tlus 
condenser  has  an  opening  into  the  atmosphere  by  the  tube  L, 
and  is  supported  in  the  centre  of  a  lai^r  cylindrical  box,  A, 
whicli  is  filled  with  water.  A  thermometer  passing  through  t 
tubulaturc  in  the  cover  enables  the  experimenter  to  observe  the 
tomiwraturo  of  the  water,  while  by  agitating  the  water  with  the 
metallic  disk  C,  its  tempera- 
ture can  be  rendered  uni- 
form throughout.  In  con- 
ducting the  experiment,  the 
vater  around  the  condeD-ser 
is  first  cooled  a  few  degrees 
below  the  temperature  of 
the  atmosphere  ;  then  the 
vapor  is  distilled  over  from 
the  retort  until  the  tem- 
perature of  the  water  las 
risen  an  equal  numt>er  of 
degrees  above  tliat  of  the 
atmosphere.  In  this  way 
any  loss  of  heat  from  iJie 
water  is  avoided,  since  the 
apparatus  is  for  an  equJ 
length  of  time  warmer  and 
cooler  than  the  air.  The 
weight  of  va]>or  condoiifod 
"*•*"■  is  then  ascertained  by  ihe 

loss  of  weight  of  tlic  retort, 
!»uv)  itio  aiiiiMi:!  I'f  boat  evolved  by  its  condensation  is  readily 
k;»Uul,i;tvt  muu  iho  woiirhi  of  the  water  around  the  condenfor, 
;»;^>1  ilu'  uumWr  of  dt'gn.vs  through  which  it  has  been  healpd- 
rii;-  ;uium;;t  >>t"  ho;u  ivrrv^jKUids  to  the  latent  heat  of  the  vapor 
I'l"-  ilio  auiouni  of  host  siven  out  by  the  condensed  steam  in 


■  l\v$«a>k<rff'i  Asnakn,  Bud  LT. 
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eooling  firom  the  boiling-point  to  the  temperature  of  the  con* 
denser.  To  illustrate  this  by  au  example,  we  will  suppose  that 
¥6  know 

The  weight  of  water  around  the  condenser,      .         .        .   500  grammes. 

The  temperature  at  the  beginning  of  the  experiment,  .  12^ 

The  temperature  at  the  end  of  the  experiment,        .         .18' 

The  weight  of  the  water  distilled  over,         .         .  .       4.82  grammes. 

Hence  it  follows  (231),  that 

The  amount  of  heat  which  entered  the  water  equals  .      3        units. 

Bj  (233)  the  amount  of  heat  required  to  raise  the  temper- 
ature of  4.82  grammes  of  water  from  18^  to  100°  is 
equal  to 0.395  . « 

And  hence  the  quantity  of  heat  given  out  by  4.82  grammes 

of  steam  in  liquefying  equals 2.605    ^ 

One  kilogramme  of  steam  would  then  set  free,  in  liquefying,   540  ^ 

It  is  evident  that,  hi  these  experiments,  as  in  the  detemiination 
of  the  specific  heat  by  the  method  of  mixtvres^  it  is  necessary  to 
take  into  account  the  amount  of  heat  absorbed  by  the  metals  and 
glass  of  which  the  apparatus  is  made.  This  can  easily  be  calcu- 
lated, since  the  specific  heat  of  these  substances  is  known,  and 
their  weight  can  be  easily  determined.  The  formulae  for  similar 
calculations  have  already  been  given  [158]  and  [159],  and  they 
can  readily  be  modified  by  the  student  for  any  special  case. 

By  means  of  the  apparatus  described  above,  Brix  obtained  for 
the  latent  heat  of  the  vapors  of  several  well-known  liquids  the 
following  values.*  These  values  are,  in  each  case,  tlie  number 
rf  units  of  heat  required  to  convert  one  kilogramme  of  the  liquid 
at  its  boiling-point  into  one  kilogramme  of  vapor  at  the  same 
temperature. 


m 

Latent  Heat  nf 

Latent  Heat  of 

8p.  Gr.  of  Vapor 
at  BoilinK-Potnt. 

equal  ^Veightfl. 

equal  Volume*. 

Air  =  1. 

Water, 

.     540  units. 

315.05 

0.451 

Alcohol, 

214     " 

348.2G 

1.258 

Ether, 

.       90     " 

265.45 

2.280 

Oil  of  Turpentine, 

74     " 

307.00 

3.207 

Oil  of  Lemons, 

.      80     " 

•  I>e(eniiiiiation8  of  the  latent  heat  of  vapors  have  also  heen  made  hv  Andrews 
(Qoarterij  Jonmal  of  the  Chemical  Society,  Vol.  I.  p  27),  by  Desprctz,  and  by  Favre 
•ad  Silbemuum  (Comptee  Rendos,  Tom.  XXIIL  p.  524). 
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Since  the  nnmber  which  expresses  the  specific  grarity  of  i 
siibirtance  is  the  same  as  tlie  weight  of  one  litre  in  kilc^rammes, 
it  follows,  that,  if  we  multiply  the  specific  gravity  of  a  vapor  at  the 
boiling-point  (referred  to  water)  by  1,000,  we  shall  obtain  the 
weight  in  kilogrammes  of  one  cubic  metre  of  tliis  vapor  at  this 
temperature  ;  and,  furthermore,  it  follows  from  what  has  been 
said,  that,  if  we  multiply  this  weight  by  the  latent  heat  of  the 
vapor,  we  shall  have  the  number  of  units  of  heat  required  to 
generate  from  these  liquids  at  their  boiUng-points  one  cubic  metre 
of  vapor.  Making  these  calculations,  we  should  obtain  tlie  Dum- 
bers  given  in  the  above  table  as  the  latent  heats  of  equal  volumes; 
and  it  will  be  noticed  that,  with  the  exception  of  that  of  ether, 
these  numlwrs  are  approximatively  equal.  The  same  is  also 
true  of  other  liquids  not  included  in  the  table;  hence  we  may 
say,  roughly,  that  the  same  volume  of  vapor  will  be  produced 
from  all  liquids  by  the  same  expenditure  of  heat.  Xo  important 
advautage,  therefore,  could  be  gained  by  substituting  any  other 
liquid  for  water  in  the  steam-engine. 

(300.)  Latent  Heat  of  Steam  at  Different  Temperatures.  — 
The  latent  heat  of  steam  has  the  value  given  in  tlie  above  table 
only  when  its  tension  is  76  cm.  and  its  temperature  100®,  which 
is  the  case  when  the  steam  is  formed  by  boiling  water  under  the 
normal  pressure  of  the  atmosphere.  If  the  tension  and  temper- 
ature of  the  va[>or  have  greater  values  than  the  above,  tlien  the 
latent  heat  is  less  than  540  units ;  and,  on  the  other  hand,  if 
these  values  are  less  than  76  c.  m.  and  100°,  then  the  latent  heal 
of  the  vapor  is  more  than  540  units.  Watt  concluded,  from  his 
exjK^riments,  that  the  same  weight  of  vapor  always  contained  the 
same  quantity  of  heat,  or,  in  other  words,  he  supposed  that  the 
same  quantity  of  heat  would  convert  one  kilogramme  of  water  at 
0"*  into  one  kilograninie  of  vapor,  whatever  the  tension  or  tem- 
[)erature  of  tlie  vapor  might  be.  If  this  were  the  ease,  the  sum 
of  the  latent  and  sensible  heat  of  steam  would  be  the  same  at  all 
temperatures,  and  we  should  have  for  the  latent  heat  the  follow- 


ing  values  :  — 

Temperatare. 

Latent  Uft  of  Vapor. 

0 

640  units 

OO 

590     ^ 

100 

540     ** 

2O0 

440     " 

Sam. 

640 

u 
a 

a 
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Among  the  other  numerical  data  connected  with  the  steam- 
igine,  Regnault  has  carefully  determined  the  latent  beat  of 
earn  at  different  temperatures  between  5°  and  196**.  These 
cperiments  were  made  with  an  apparatus  constructed  with  every 
)6sible  refinement,  and  were  conducted  with  the  usual  skill  of 
lis  eminent  experimentalist ;  but  for  a  description  both  of  the 
iparatus  and  of  the  methods,  we  must  refer  the  student  to  the 
iginal  memoir.*  It  was  proved  by  this  investigation,  that  the 
w  of  Watt,  as  the  principle  above  stated  is  frequently  called,  is 
r  from  being  an  exact  expression  of  the  facts,  and,  like  so  many 
lier  phenomenal  laws  of  nature,  can  only  be  regarded  as  ap- 
'oximatively  true  (compare  page  300).  The  sum  of  the  latent 
id  sensible  heat  of  steam  actually  increases,  although  only  very 
{jswljj  with  the  temperature  ;  and  Regnault  found  that  the 
eolts  of  his  experimkents  were  very  nearly  satisfied  by  the  em- 
lieal  formula 

A  ==  606.5  +  0.305  t ,  [202.] 

.  which  it  represents  the  sum  of  the  latent  and  sensible  heat, 
hile  606.5  is  the  latent  heat  of  the  vapor  at  0°,  and  t  the  given 
mperature.  By  means  of  this  formula,  we  can  very  easily  cal-  ^ 
date  the  latent  heat  of  the  vapor  at  any  temperature.  Thus, 
i  100**  we  have  A  =  637,  and  consequently  the  latent  heat  is  687 
nits  less  the  number  of  units  required  to  raise  the  temperature 
'  one  kilogramme  of  water  from  0°  to  100®.  By  the  table  on 
ige  472,  we  find  that  this  amount  is  equal  to  1.C05  X  100  =» 
)0^,  and,  subtracting  this  quantity  from  637,  we  find  the  latent 
sat  of  steam  at  100°  to  be  536.5  units.  In  like  manner,  the 
}ier  Talnes  in  the  foUowmg  table  have  been  calculated. 
The  second  column  of  the  table  gives  the  tension  of  the 
qior  of  water  in  centimetres.  The  fourth  column  gives  the 
amber  of  units  of  heat  required  to  change  one  kilogramme  of 
mler  at  0**  into  one  kilogramme  of  vapor  at  t"*,  Tlie  third  col- 
mn  gives  the  number  of  units  of  heat  required  to  change  one 
Oogramme  of  water  at  f  into  one  kilogramme  of  vapar  at  the 
une  temperature. 

*  M^oires  de  1' Acad^mie  des  Sciences,  Tom.  XXI. 
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Tein- 
perm- 
tare. 


0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 


TeniioD. 


0.460 

0.916 

1.739 

8.155 

5.491 

9.198 

14.879 

23.809 

35.464 

52.545 

76.000 

107.587 


Latent 
Heftt. 


606.5 
599.5 
592.6 
585.7 
578.7 
571.6 
564.7 
557.6 
550.6 
543.5 
586.5 
529.4 


Bum  of 

Latent  and 

SeoKibla 

Heat. 


606.5 
609.5 
612.6 
615.7 
618.7 
621.7 
624.8 
627.8 
630.9 
633.9 
637.0 
640.0 


Ton- 
pera- 

tOTD. 

Tension. 

120 

149.128 

ISO 

203.028 

140 

271.763 

150 

858.123 

160 

465.162 

170 

596.166 

180 

754.689 

190 

944.270 

200 

1168.896 

210 

1432.480 

220 

1739.036 

280 

2092.640 

Latent 


522.8 
516.1 
508.0 
500.7 
498.6 
486.2 
479.0 
471.6 
464.3 
456.8 
449.4 
441.9 


Somar    ' 
Latetttaai 

Beuibli 


618.1 

€46.1 

649.S 

632.2 

6554 

€58.3 

66M 

€64.4 

€67.fi 

€704 

€734 

€7€4 


(301.)  Illustrations.  —  The  faxjt  that  heat  is  absorbed  drniog 
evaporation  is  illustrated  by  many  familiar  phenomena.  The 
chill  which  is  felt  on  leaving  a  bath  is  caused  by  the  rapid  enf' 
oration  of  water  from  the  surface  of  the  skin,  whereby  heat  is 
withdrawn  from  the  body.  In  a  similar  way,  the  air  of  a  lieatel 
room  is  cooled  by  sprinkling  water  on  the  floor.  This  principle 
also  explains  how  man  is  enabled  to  bear  the  scorching  heat  of 
the  hottest  climates,  and  even,  if  properly  protected,  to  enter  an 
oven  heated  above  100°,  his  blood  not  exceedmg  40°  ;  a  copious 
j)erspi ration  is  excited,  which  removes  heat  from  the  body  as 
rapidly  as  it  is  received  from  without.  The  porous  water-jars, 
which  are  used  in  Spain  and  in  Eastern  countries  to  keep  liquids 
cool,  also  owe  their  efficacy  to  the  latent  heat  of  vapors.  They 
are  made  of  biscuit  earthen-ware,  and  the  water  which  slowly 
percolates  through  the  walls  and  evaporates  from  the  sur&cc 
withdraws  so  much  heat  from  the  vessel  as  to  retain  the  tan- 
l)orature  of  tlie  water  considerably  below  the  temperature  of  the 
surrounding  air.  The  effect  is  enhanced  by  placing  the  jar  in  a 
current  of  air,  which  accelerates  evaporation.  In  like  manner, 
the  evaporation  from  the  surface  of  the  body  is  increased  in  a 
eurivnt  of  air,  and  hence  the  sensation  of  coolness  which  a  draught 
produces;  wiiile,  on  the  other  hand,  the  oppression  which  we  feel 
in  an  atmosphere  saturated  with  moisture  arises  firom  the  fact 
that  the  evajx^ration  is  in  great  measure  arrested. 
The  s;une  principles  may  also  be  illustrated  by  a  great  varietj 
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eriments.    One  of  the  most  striking  of  these  is  that  of 

Leslie,  in  which  water  is  frozen  by  its 
own  evaporation.  A  small  and  shallow 
pan  of  water  is  supported  over  a  dish 
of  sulphuric  acid,  and  under  a  bell-glass 
standing  on  the  plate  of  an  air-pump 
(Fig.  429).  On  exhausting  the  air 
the  bell,  the  heat  absorbed  by  the  very  rapid  evapora- 
:'  the  water  which  ensues  is  so  great,  that  the  larger  por- 
f  the  liquid  is  converted  into  ice.  The  sulphuric  acid 
s  the  vapor  as  fast  as  it  forms,  and  thus  accelerates  the 
ation.  . 

imilar  experiment  can  be  made  with  the  instrument  rep- 
3d  in  Pig.  430,  called  the  cryophorus  (frost-bearer).  It 
:s  of  two  glass  bulbs,  connected  together  by  a  long  tube, 
'  which  is  partially  filled  with  water.  In  making  the  in- 
3nt,  it  is  hermet- 
^ealed  while  filled 
iteam,  so  that  on 
;  a  vacuum  is  left 
the  water,  except 
ar  as  the  space  is 

ivith  vapor.  If  now  the  empty  bulb  is  surrounded  by  a 
ig-mixture,  this  vapor  is  condensed  as  fast  as  it  is  formed, 
very  rapid  evaporation  ensues  from  the  surface  of  the  water 
first  bulb,  which  soon  reduces  the  temperature  of  the  liquid 
freezing-point.  Even  more  marked  effects  than  these  can 
ained  by  the  evaporation  of  very  volatile  liquids,  like  ether 
phide  of  carbon.  The  rapid  evaporation  of  ether  poured 
the  hand  occasions  a  very  distinct  sensation  of  cold,  and 
can  be  frozen  by  the  evaporation  of  ether  from  the  surface 
:lass  bulb  covered  with  muslin  and  kept  moistened  with  the 
If  the  evaporation  is  accelerated  by  placing  the  apparatus 
the  receiver  of  an  air-pump,  even  mercury  can  be  frozen  in 
ay.  Indeed,  an  apparatus  has  been  invented  for  making 
warm  countries,  by  the  evaporation  of  ether  in  a  partial 
[n. 

principles  of  latent  heat  can  in  no  way,  however,  be  more 
gly  illustrated  than  with  liquid  carbonic  acid.  When  this 
volatile  liquid  is  allowed  to  escape  into  the  air,  it  evap- 
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orates  with  such  rapidity,  as  has  been  stated,  that  the  larger  por- 
tion of  it  ahnost  instantaneously  freezes.  This  frozen  carbonic 
acid  can  easily  be  obtained  in  large  quantities  by  means  of  the 
apparatus  of  Tliilorier.  From  the  valve  of  the  receiver  B,  Rg. 
425,  a  tube  descends  to  near  the  bottom  of  the  vessel,  so  that,  ou 
opening  the  valve,  the  liquid  is  forced  out  by  the  tension  of  the 
gas  in  the  interior.  A  cylindrical  brass  box,  O,  connected  with 
the  valve  of  the  receiver  by  the  coupler  L  (which  fits  in  the 
socket  JIf),  and  so  constructed  as  to  break  the  force  of  the  jet, 
receives  the  liquid  as  it  issues  from  the  receiver,  and  soon  be- 
comes filled  with  solid  carbonic  acid,  which  resembles,  in  its 
general  appearance,  freshly  fallen  snow.  This  experiment,  it  will 
be  noticed,  is  analogous  in  principle  to  that  of  Leslie,  in  which 
water  was  frozen  by  its  own  evaporation. 

A  further  illustration  of  the  principles  of  latent  heat  is  afforded 
by  the  fact,  that  the  solid  carbonic  acid  —  if  in  considerable  quan- 
tity and  surrounded  by  poor  conductors  —  may  be  kept  exposed  to 
the  air  for  hours  before  it  entirely  disappears.  Although  exceed- 
ingly volatile,  it  evaporates  only  slowly,  for  the  same  reason  tliati 
bank  of  snow  melts  gradually  during  a  warm  spring  day.  The 
non-conducting  nature  of  the  vessel,  and  of  the  atmosphere  of  gas 
which  surrounds  it,  prevents  the  absorption  of  the  heat  which  is 
necessary  for  the  change  of  state.  If,  however,  it  is  brought  into 
close  contact  with  a  good  conductor,  like  metallic  mercury,  thenar 
pidity  of  its  evaporation  is  greatly  accelerated,  and  the  tem|)erature 
of  the  substance  reduced  to  that  of  the  solid  gas,  which  has  l)eeu 
estimated  as  low  as  — 90°  C.  In  this  way  large  masses  of  mercury 
can  easily  be  frozen.  A  greater  degree  of  cold  can  be  obtained  by 
mixing  the  solid  gas  witli  a  little  ether,  which  forms  with  it  a  semi- 
fluid mass  capal)le  of  being  brought  in  closer  contact  with  sub- 
stances, and  thus  removing  their  heat  more  rapidly.  A  still  greater 
degree  of  cold  was  produced  by  Faraday,  by  placing  this  mixtiu* 
under  the  receiver  of  an  air-pump  from  which  the  air  and  gaseous 
carbonic  acid  were  rapidly  removed.  An  alcohol-thermometer 
placed  in  this  mixture  sinks  to  the  temperature  of  — 110** ;  at 
this  low  temperature  the  mixture  of  solid  carbonic  acid  and  ether 
is  not  more  volatile  than  alcohol  at  the  ordinary  temperature. 

Similar  experiments  can  be  made  with  the  liquid  protoxide 
of  nitrogen,  which  is  obtained  in  Bianchi's  apparatus.  As  this 
does  not  freeze  so  readily  as  liquid  carbonic  acid,  it  can  be  drawn 
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out  from  the  condenser  in  a  liquid  state,  and  retains  its  condition 
irhen  exposed  to  the  air  longer  tlian  solid  carbonic  acid.  It  can 
readily  be  frozen  by  its  own  evaporation,  and  it  furnishes  the 
means  of  producing  the  lowest  temperature  yet  attained.  When 
mixed  with  solid  carbonic  acid  and  ether,  it  produces  a  cold  so  in- 
tense, that  absolute  alcohol  exposed  to  it  assumes  the  consistency 
of  a  thick  oil,  and  a  thermometer  immersed  in  a  bath  formed 
by  mixing  this  liquid  with  sulphide  of  carbon  was  observed  by 
Natterer  to  fall  to  — 140®  when  the  bath  was  placed  in  vacuo. 

(302.)  Applications  of  the  Latent  Heai  of  Steam,  —  The  great 
amount  of  heat  which  steam  contains  renders  it  exceedingly  val- 
uable in  the  arts  as  a  heating  agent.  Water  may  be  heated,  and 
even  boiled,  in  wooden  tanks,  by  blowing  steam  into  it,  or  by 
causing  the  steam  to  circulate  through  a  coil  of  copper  pipe  at 
{he  bottom  of  the  tank.  Buildings,  also,  are  very  frequently 
warmed  by  the  heat  of  steam.  Tlie  steam  generated  in  a  boiler 
placed  in  the  basement  is  conveyed  by  iron  pipes  to  the  diflfer- 
ent  apartments.  There  it  is  condensed  to  water  in  a  coil  of 
iron  pipes,  or  in  a  condenser  of  some  other  form,  and  the  heat 
thus  set  free  is  radiated  from  the  iron  surface  of  the  condenser. 
Steam  is  likewise  used  as  a  source  of  heat  in  the  process  of  distil- 
lation, especially  when  the  substance  to  be  heated  is  liable  to  al- 
teration from  too  high  a  temperature.  For  this  purpose,  the  walls 
of  the  still  are  frequently  made  double,  and  the  steam  admitted 
between  the  two.  It  is  sometimes  found  advantageous  to  blow  the 
steam  through  the  mass  of  liquid  in  the  still,  in  which  case  the 
volatile  product  passes  over  in  vapor  mixed  with  the  steam,  and 
the  two  are  condensed  together  in  the  worm  or  receiver.  This 
method  is  constantly  used  in  the  distillation  of  volatile  oils  from 
organic  materials.  Sometimes  the  steam  is  highly  heated  by 
passing  it  through  red-hot  tubes  before  it  is  introduced  into  the 
still.  In  this  way  the  fat  acids  and  many  other  substances  can 
be  distilled,  which  could  not  be  distilled  in  the  ordinary  way. 
This  method  is  in  fact  the  basis  of  an  important  process  used  in 
flie  arts  for  decomposing  tallow  and  other  fats,  and  extracting 
from  them  the  fat  acids  and  glycerine,  substances  which  are  used 
in  the  manufacture  of  candles  and  of  soap. 

(803.)  Spheroidal  Condition  of  Liquids. — It  has  already  been 
itated,  that  when  a  liquid  is  dropped  upon  a  heated  surface,  the 
temperature  being  made  to  vary  with  tlie  nature  of  the  liquid,  it 
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usumes  the  spheroidal  cooditioD,  and  roUa  roand 
OD  the  surface  like  globules  of  mercury  on  a  porce- 
lain plate  (Fig.  431).     It  w«a 
^IS^-a^^  also  stated,  tiiat  the  temperature 

JHHB  of  the  liquid  in  this  condition  is 

III  constant,  and  always  helow  its 

J       I      \  lK)iling-pouit.     This  feet  can  be 

^*^^^^~^^^  proved  by  toetiiig  the  tempera- 
ture with  a  tlicrmometer,  as 
shown  in  Fig.  432.  The  following  table  shows  in 
each  case,  firtit,  tlie  temperature  at  which  the  liquid 
assumes  the  spheroidal  condition  in  a  heat«d  silver 
capsule  ;  and,  secondly,  the  temperature  of  the 
liquid  while  in  this  condition :  — 


Water,                                      .171  96.5  100 

Alcohol 134  75^  78 

Ether, 01  34.2  35 

Sulphurous  Acid,       ....  — lOJ  — 10 

Wlien  in  the  spheroidal  condition,  the  globules  of  liquid  han 
a  gyratory  motion  on  the  bottom  of  tlie  capsule,  and  not  oulj 
does  tlie  liquid  not  boil,  hut  it  evaporates  vastly  more  slowly 
tliaii  when  it  is  in  actual  ebullition.  If  the  source  of  heat  a 
removed,  flic  temperature  of  tlic  capsule  will  fall  until  a  point  is 
reached  at  which  the  liquid  wets  the  metallic 
surface,  and  then  the  liquid  will  boil  violently, 
and  be  thrown  in  all  directions  with  almost  ei- 
plosive  violence  (Fig.  433),  This  singular  pbe- 
nomoiion  can  also  be  shown 
by  pouring  a  small  quantity 
of  water  into  a  thick  copper 
tig  «3  flask    intensely   heated,    and 

corking  the  flask  while  the 
liquid  is  in  the  spheroidal  condition.  For 
a  time,  all  i-eniiiins  quiet ;  but  when  the  flask 
lias  cooled  sufTicieiitly,  the  water  will  be  sud- 
denly converted  into  steam,  and  tlie  cork 
thrown  out  with  groat  violence  (Fig.  434), 
It  has  also  been  proved  that  a  liquid,  when 


4-- 


in  a  Bpberoidal  condition,  is  not  in  contact  witli  a  heated  biu>> 

bee.     Boutiguy  vaa  able  to  see  the  flamo  of  a  candle  between 

a  globule  of  vater  reudorod 

(q>aque  hy  lampblack  and 

the  heated  surface  on  which 

it  rested  (Fig.  435)  ;  and, 

moreover,  Wartmaun  and 

Poggeodorff  found  that  a 

COneDt  of  electricity  would 

not  pan  between  the  liquid 

■pbUDid  and  the  metallic 

diak. 

■Hie  explanation  of  these  singular  phenomena  has  already  been 
in  part  given.  We  have  seen  that,  whenever  by  the  action  of 
beat  the  adhesion  of  a  liquid  to  tlie  surface  on  which  it  resta 
becomes  less  than  twice  as  great  ss  tlie  cohesion  between  the 
liquid  particles  themselves,  the  liquid  will  no  longer  moisten  Uie 
surface,  and  we  can  readily  conceive  tliat  it  may  be  even  re- 
pelled by  it,  aud  with  a  force  sufficiently  great  to  overcome  the 
weight  of  the  liquid  mass.  That  such  a  rcpul><ion  really  exists 
Boutigny  proved  by  two  curious  experiments.  He  poured  water 
into  a  basket  made  of  platinum  wire-netting  and  heated  to  redness, 
ud  found  that  tlie  liquid  did  not  drop  through  the  interstices. 
He  also  whirled  round,  iu  a  sling,  a  iieatcd  ciipsule  containing  a 
Equid  globule  in  tlio  splieroidal  state,  and  found  that  the  cen- 
tiifiigal  force  was  not  able  to  compel  contact.  Assuming,  then, 
that  the  liquid  globule  is  sustained  at  a  small  distance  above  tlie 
heated  surface  by  the  repulsive  force  of  heat,  it  is  easy  to  explain 
dw  rest.  The  vapor  forming  on  the  lower  surface  of  the  sphe- 
roid would  raise  it  still  furtiier  from  the  heated  metal,  and,  escap- 
ing unequally  around  the  contour  of  the  splieroid,  would  tend  to 
give  to  it  its  singular  motions.  Tlien,  again,  since  the  liquid 
is  not  in  contact  with  the  source  of  heat,  it  can  only  he  heated 
hf  radiation.  Now  a  part  of  the  rays  of  heat  will  be  reflected 
ftom  the  surface  of  the  liquid  ;  and,  moreover,  the  greater  part  of 
those  which  penetrate  it  will  pass  through  it  witliout  l>cing  ab- 
•orbed.  It  is  evident,  then,  that  the  spjicroid  will  retain  but  a 
mall  portion  of  the  heat  radiated  from  the  wnlls  of  the  metallic 
cnwile;  and  since  it  is  all  tlie  timo  losing  heat  by  evaporation, 
52 
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it  is  not  wonderful  that  its  temperature  should  be  reduced  seTend 
degrees  below  the  boiling-point. 

By  following  out  the  principles  of  this  section  to  their  extreme 
consequences,  we  are  able  to  produce  some  very  paradoxical 
efiFects.  It  has  before  been  stated,  that  water  may  be  frozen  by 
pouring  it  into  liquid  sulphurous  acid  while  the  latter  is  in  the 
spheroidal  condition,  although  the  capsule  containing  it  may  be 
red-hot.  So  also,  by  substituting  for  liquid  sulphurous  acid  &e 
mixture  of  solid  carbonic  acid  and  ether,  even  mercury,  placed 
within  the  red-hot  capsule  in  a  small  platinum  crucible,  may  be 
frozen  with  equal  certainty.  The  wonder  disappears  from  these 
phenomena  whon  we  know  that  these  higlily  volatile  liquids  are 
not  in  contact  with  the  heated  surface  of  the  capsule,  for  thej 
simply  produce  the  same  effects  in  their  spheroidal  condition  that 
tliey  would  under  other  circumstances.  A  still  more  paradoxical 
result  can  be  obtained  with  liquid  protoxide  of  nitrogen.  For 
this  experiment,  the  liquid  should  be  drawn  into  a  tube  sus- 
pended in  a  bottle  containing  a  few  lumps  of  cliloride  of  cal- 
cium, by  means  of  a  cork  adjusted  to  the  neck.  Without  this 
pr^*aution,  the  moisture  of  the  air  would  condense  as  hoar-frost 
on  the  tube,  and  render  the  wall  opaque.  If  we  pour  some  mer- 
ourv  into  this  tul)e,  it  will  sink  to  tlie*  bottom  and  immediately 
fiwzo.  On  tiie  other  hand,  if  a  piece  of  burning  charcoal  is 
drv>p|\Hl  Ml,  it  will  float  on  the  liquefied  gas,  which  will  assume 
tho  spheroidal  condition  around  it ;  but,  moreover,  what  is  very 
roniarkahlo,  iho  charcoal  will  burn  with  the  usual  intense  bril- 
liuiuv  ill  the  protoxide  of  nitrogen  gas  which  surrounds  it,  and 
we  >hiill  thus  have  in  the  same  test-tube  burning  charcoal  and 
frc^i'en  nieivurv.  But  perhaps  the  most  marvellous  result  is  the 
iinpuniiy  with  which  the  moistened  hand  may  be  dipped  into 
mehed  lead,  or  even  into  molten  cast-iron  as  it  flows  from  the 
t\irniee.  In  these  cases  the  adhering  moisture  is  convertal  into 
va[vM\  whieli  f.Mnis  an  envelope  to  the  skin  suflSciently  non- 
eondaetinir  ^»  prevent  the  transmission  of  any  injurious  quantity 
of  heal  during  the  short  period  of  the  immersion. 
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STEAM-ENGINE. 


(304.)  It  would  lead  us  beyond  the  design  of  the  present 
work  to  enter  upon  any  detailed  description  of  tliis  wonderful 
^>plication  of  tlie  laws  of  vapors.  We  shall  only  be  able  to 
point  out  the  general  principles  of  the  machme,  and  to  illus- 
trato  by  figures  some  of  its  most  important  forms.  It  has  al- 
ready been  shown,  that  when  water  is  confined  in  a  vacuous 
tpaoe,  this  space  becomes  filled  w^ith  vapor,  whose  tension  de- 
pends on  the  temperature,  and  rapidly  increases  as  the  tempera- 
ture  rises.  It  is  the  object  of  the  steam-engine  to  convert  this 
tension  into  mechanical  effect.  Every  steam-engine  must,  then, 
eonsist  of  two  parts  :  first,  the  boiler ^  in  which  the  steam  is  gen- 
erated ;  secondly,  the  machine  proi)er,  by  which  the  tension  of 
the  steam  is  made  to  do  mechanical  work.  We  shall  do  well  to 
examine  the  various  forms  which  are  given  to  these  parts  sepa- 
rately. 

(305.)  The  Boiler,  —  The  form  of  the  steam-boiler  varies  very 
greatly  with  the  purposes  to  which  it  is  to  be  applied,  and  on  its 
proper  construction  the  safe  and  economical  working  of  the  ma- 
chine in  great  measure  depends.  The  boiler  is  the  origin  of  the 
power ;  it  is  where  the  hdat  evolved  by  the  burning  combustible 
is  combined  with  water,  to  reappear  in  the  expansive  force  of 
fleam.  The  machine  proper  merely  transmits  this  force,  and, 
like  any  other  machine,  it  can  neither  increase  nor  diminish  it, 
except  so  far  as  the  force  is  expended  in  overcoming  friction  or 
other  resistances  in  the  machine  itself. 

The  two  chief  requisites  for  a  steam-boiler  are  evidently,  first, 
the  strength  required  to  resist  the  expansive  force  of  the  steam 
without  an  unnecessary  expense  of  materials  ;  and,  secondly,  the 
capability  of  furnishing  the  amount  of  steam  required  by  the  en- 
gine in  any  given  time,  with  the  smallest  possible  expenditure  of 
foeL  The  boilers  are  usually  made  of  plates,  either  of  wrought- 
iron  or  of  copper,  riveted  together,  and,  when  necessary>  are 
strengthened  by  cross  iron  stays  in  the  interior.  Copper  is  the 
best  material,  but  iron  is  almost  invariably  preferred  on  account 
of  its  cheapness.  Tlie  thickness  of  the  plates  is  made  such  that 
the  boiler  will  resist  a  very  much  greater  tension  than  any  to 
which  it  can  ever  be  expected  to  be  exposed. 

It  is  generally  assumed,  that,  in  order  to  supply  a  steam-engine, 
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35  litres  of  water  must  be  evaporated  in  the  boiler  each  hour  for 
every  horse-power.  Now,  we  know  that  at  least  650  X  35  = 
22,750  units  of  heat  are  required  iu  order  to  convert  35  kilo- 
grammes of  water  into  steam  ;  and  this  amount  must  therefore 
be  transmitted  during  an  hour  through  the  boiler-plates  for  every 
horse-power  of  the  engine.  But  since,  even  through  the  be^t 
conductors,  heat  is  transmitted  with  extreme  slowness,  so  lar^^e 
a  quantity  can  only  be  made  to  pass  by  exposing  a  large  surface 
to  the  action  of  the  flame.  Hence  Uie  extent  of  the  heating  sur- 
face^ and  not  the  amount  of  water  contained  in  a  boiler,  is  tlio 
measure  of  its  capacity  to  generate  steam.  It  is  the  general  rulo 
to  allow  about  1.7  square  metres  of  heating  surface,  and  about  TO 
sc^uare  centimetres  of  grate-bars  to  every  horse-power.  MoreoTer, 
iu  onier  to  obtain  the  full  effect  of  the  combustible,  it  is  essential 
that  the  heated  products  of  combustion  should  be  kept  in  con- 
tact with  the  surface  of  tlie  boiler  until  the  temperature  of  the 
smoke  is  reduced  as  nearly  as  possible  to  that  of  the  water  in 
tho  boiler.  This  is  accomplished  by  making  the  smoke  ciitulate 
throuidi  tortuous  flues  iu  contact  with  the  surface  of  the  boiler. 
The  quantity  of  heat  produced  by  the  burning  combustible  is  far, 
however,  from  being  entirely  economized.  It  has  been  found,  by 
oxivrinv.Mit,  that  the  whole  amount  of  heat  evolved  by  burning 
o  LO  kil.vjframme  of  bituminous  coal  is  equal  to  about  7,500  uuiu<. 
whioh  would  change  into  steam  ^^  =  11.5  kilogrammes  of 
\i\iuT,  if  it  all  passed  through  the  boiler-plates  into  the  water; 
lii:  Si»  uuioh  boat  is  lost  by  incomplete  combustion,  by  radiation, 
I'v  0^..  i'loiion  tbrouirh  the  mass  of  the  furnace,  and,  finallv,  bv 
tiu^  ^.n  ^ko,  which  must  be  discharged  into  the  chimney,  still 
bo.ito  i  :  *  K'tw^vn  200^  and  400^*  iu  order  to  sustain  the  draught, 
\\\\:  ::-..v:iva!ly  one  kilogramme  of  coal  will  not  evaj)orate  more 
4i\a:i  :i\»i:i  rivo  lo  sovon  kilogrammes  of  water  with  the  best  con- 
structed furnaces. 

The  conditions  of  efficient  ac- 
tion just  considered  are  l>est  com- 
biucd  iu  what  is  termed  the  Corn- 
ish boiler,  which  is  represenitd  in 
Fig.  436.  It  is  cylindrical  in 
form,  frequently  over  forty  feet 
in  length,  and  from  five  to  seven 
fV**^  feet  in  diameter,  with  two  flues, 
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vfaicli  oxtend  the  vliole  length  of  tlie  builor ;  they  are  perfecttj 
cyliudrical,  aiid  of  sufticieut  magnitude  to  admit  a  furnace  ia 
each.  After  the  heated  gases  have  traversed  these  iron  flues, 
tlioj  are  returned  around  t!io  surface  of  the  boiler  hy  external 
flues  made  in  the  brick-work  which  supports  it.  The  circuit 
vliich  the  liot  gases  perform  in  contact  witli  tlio  boiler  surface  is, 
not  nnfrequently,  150  feet  Long,  and  tlie  lieating  surface  exposed 
to  their  action  over  3,000  square  feet.  Another  form  of  boiler 
much  used  for  stationary  engines  in  France  is  represented  in 
Figs.  437  and  438.     This'  boiler  is  also  cylindrical,  but  in  the 
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frihMM  of  the  internal  flues  used  in  the  Cornish  l)oilcr,  the  heating 
mrfiice  is  increased  by  means  of  two  tubes  bouiUeurs,  B,  Fig. 
487,  which  are  connected  with  the  main  cylinder  by  the  vertical 
tabes  P,  P,  P.  The  Hamc  of  tlie  furnace  plays  directly  against 
the  tubet  bouiUeurs ;  the  heated  gases  are  tlicn  returned  under 
tbe  main  cylinder  in  the  flue  O,  Fig.  4^8,  and  are  finally  dis- 
ehu^ed  into  the  chimney  through  the  side  flues  x,  x,  while  a 
dimper  at  R  serves  to  rcgiilato  the  draught. 

Witli  a  stationary  boiler,  economy  of  fuel  is,  as  a  general  rule, 
tlie  great  desideratum ;  and  in  most  cases  that  form  can  l>e  given 
to  it  by  which  this  end  is  best  attained.  It  is  diflerent  with  the 
boiler  of  a  steamship  or  of  a  locomotive  engine.  With  tlie  first, 
MoDomy  of  fuel  is  also  the  primary  consideration,  because,  other- 
wwe,  long  voyages  would  lie  impossible  ;  hut  economy  of  space 
mst  also  ho  considered,  and  it  is  therefore  essential  that  the  size 
of  the  boiler  should  be  restricted  to  quite  narrow  limits.  With 
fce  locomotiTe,  on  the  other  hand,  speed  is,  as  a  general  rule,  the 
great  object,  and  this  must  be  attained  at  any  cost  of  fuel.     But 
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Epeed  implies  a  veiy  rapid  coasomption  of  Eteam,  nnce  fat  emj 
revolutioD  of  the  driving-wheel  of  a  locomotive  its  two  cjlindm 
must  be  filled  and  veuted  twice  ;  hence  the  chief  requisite  of 
a  locomotiTe  boiler  is,  that  it  should  generate  the  greatest  pos- 
sible amount  of  steam  in  a  given  time.  In  all  cases,  the  ma- 
chinist endeavors  to  combine  the  requisite  conditions  as  weU  as 
the  circumstances  admit,  and  the  efficiency  of  his  engine  depeods 
in  great  measure  on  his  success.  Unfortunatclf,  he  is  guided 
almost  entirely  by  empirical  rules  ;  and  there  are  few  brancbet 
of  practical  art  in  which  so  much  remains  to  he  determined  and 
improved,  and  scarcely  any  which  theoretical  science  has  duue  so 
litth  to  advance. 

Tlie  usual  form  given  to  the  boiler  of  a  locomotive  is  repre- 
sented in  Fig.  439.  The  furnace  A,  called  tiie  _fire-box,  is  within 
the  boiler,  and  surrotuided 
by  water  except  at  the  dwt 
D  and  at  the  ash-pit.  The 
flame  is  conducted  from  this 
firo-bos  to  the  tmoke4>ox  B 
through  a  large  number  <i 
brass  tubes,  wliich  are  all' 
surrounded  by  the  water  of 
the  boOer.  There  it  meets 
with  a  jet  of  -steam  coming 
from  the  cylinders,  whieb 
creates  a  strong  draught  and  drives  the  waste  gases  up  the  chim- 
ne}'.  Tlie  boiler  of  a  locomotive  is  surmounted  by  the  stcara- 
doiiie,  E;  and  a  tube  with  a  funnel-shaped  orifice,  ojieniug  uear 
the  top  of  this  dome,  receives  the  steam  and  conveys  it  to  the 
cyliiiriers  through  F.  Tliis  arrangement  prevents,  to  a  great 
detrree,  the  ^pruy,  which  rises  from  the  wuter  of  the  boiler 
and  is  mi\ed  with  tlie  steam  in  the  upper  part  of  it,  from 
rcacliing  the  cylinders ;  as  the  steam  ascends  tlie  steam-doiue, 
this  spray  falls  hack,  and  nothing  but  pure  steam  enters  the 
tube. 

Tlie  steam-lwiler  is  always  provided  with  several  appendages 
for  tiio  purpose  of  regulating  the  quantity  of  water,  for  meas- 
uring the  tension  of  the  steam,  and  for  preventing  the  accu- 
niulntion  of  a  pressure  which  would  endanger  tho  safety  of  tbe 
boiler.  J 
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It  is  essential  for  the  good  working  of  the  boiler,  that  the 
water  should  always  cover  the  whole  heaiing  surface;  hence 
it  must  be  maintained  above  the  level  of  the  flues.  The  water 
b  supplied  to  the  boiler  through  the  pipe  a  (Fig.  437),  which 
reaches  nearly  to  the  bottom.  This  pipe  communicates  either  with 
an  elevated  reservoir,  or  with  a  force-pump  moved  by  the  engiiie, 
the  size  of  the  pump  being  so  adjusted  that  the  amount  of  water 
forced  into  the  boiler  during  a  given  time  shall  bo,  as  nearly  as 
possible,  equal  to  that  which  escapes  in  the  condition  of  steam 
through  the  steam-pipe  v  during  the  same  interval.  This  adjust- 
ment, however,  is  necessarily  imperfect ;  and  hence  a  great  variety 
of  inventions,  by  which  the  supply  of  water  is  regulated  automati- 
cally, and  made  to  depend  on  the  position  of  the  water-level  in 
the  boiler.  Various  contrivances  are  in  use  for  indicating  to  the 
engineer  the  height  of  the  water.  One  of  the  simplest  of  tliese  is 
the  glass  gauge  represented  at «  (Fig.  437).  It  consists  of  a  thick 
glass  tube  firmly  cemented  into  iron  caps,  by  means  of  which  it 
communicates  with  the  interior  of  the  boiler.  It  is  so  placed, 
that,  vhen  the  water  is  at  the  proper  level,  the  lower  end  shall 
open  below  the  surface  of  the  water,  and  the  upper  end  above  it<; 
consequently,  the  water  will  always  stand  at  the  same  level  in  the 
tube  as  in  the  boiler.  Another  kind  of  indicator  is  represented  at 
f.  It  consists  of  a  float,  which  is  connected  with  a  counterpoise 
by  a  metallic  wire  passing  over  a  pulley,  and  through  a  padcvng- 
box  in  the  top  of  the  boiler.  The  position  of  the  level  of  the 
water  is  indicated  either  by  the  position  of  the  counterpoise,  or  by 
a  needle  attached  to  the  axis  of  the  pulley,  and  moving  over  a 
graduated  disk.  Some  boilers  are  also  provided  with  an  alarm- 
whistle,  S,  60  arranged  that  it  is  opened  by  the  float  /  when  the 
level  of  the  water  falls  too  low. 

The  tension  of  the  steam  in  the  interior  of  the  boiler  is  indi- 
cated by  a  manometer,  which  may  be  either  of  those  already 
described  (Figs.  104,  273,  or  279). 

In  order  to  limit  the  tension  of  the  steam,  every  boiler  is  fur- 
nished with  one  or  more  safety-valves,  represented  at  P  (Fig.  437), 
and  also  in  detail  in  Fig.  440.  The  valve  is  kept  closed  by  the 
veigbt  P,  acting  on  the  lever  O,  and  this  weight  is  so  adjusted 
1o  the  area  of  the  valve,  that  the  valve  will  open  as  soon  as 
the  tension  of  the  steam  exceeds  a  limited  amount.  The  area  of 
the  valve  is  adjunted  to  the  extent  of  the  heating  surface  of  the 
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boiler,  and  to  the  maximum  tension  at  which  tlie  boiler  can  be 
worked  with  safety.  It  is  determined  by  meaiis  of  the  empincil 
formula,  

in  which  d  is  the  diameter  of  the  valTe,  S  the  area  of  the  beating 
surface  of  the  boiler,  and  II  the  maximum  tension  of  the  steam. 
It  has  been  found  that  a  valve  with  the  dimeusioiis  given  by  this 


formula  will  allow  all  the  steam  to  escape  which  can  be  generated 
by  the  most  arliTc  fire  ;  but,  for  greater  security,  a  boiler  is  gen- 
erally provided  with  two  valves  of  these  dimensions, 

Wi-  (-an  also  limit  the  tension  of  the  steam  by  fixing  a  limil  to 
il#  iompt*ratnro.  This  can  be  done  by  closing  a  tubulaliire 
adaptt.H)  to  the  tipper  part  of  the  boiler  with  a  plate  made  of 
fusiMo  alloy,  whose  proportions  have  been  so  adjusted  (272)  that 
it  shall  im'lt  when  the  steam  attains  the  temperature  which  cor- 
rr>s|vtuds  to  the  maximum  tension  which  the  boiler  is  calculated 
to  Mi-ii«iii.  This  plate,  which  is  quite  brittle,  is  held  in  its  place 
by  an  imn  >.\>llar,  and  protectcHl  by  an  iron  grating,  which  ena- 
bh's  ii  lo  ivsist  the  pressure  of  the  steam.  The  use  of  these 
I'l.ufs.  however,  is  liable  to  serious  objections.  They  not  only 
r*':i-ior  tho  U'ilcr  unservii-eable  for  the  time,  if  they  yield,  but, 
monv'vor.  t!io  nn-hinir-iHiint  of  the  plate  is  liable  to  a  change 
irw.x  '.':'  ,-l:  :u:-.ii,>n  of  the  more  fusible  metal. 

(^:'o"..1  DififMsions  of  Steam-BoUers.  —  As  in  the  la«t  sec- 
tion the  liinu'ti^iims  of  the  stoani-Vx>iler  were  given  in  French 
measure-,  ii  u»-.iy  Iv  well  to  add  the  following  English  data,  taken 
fri^m  the  Kneyelopsedia  Briianuica.  Article  Steam- EitgiiK.  pre- 
mising that  by  a  horsf^>i>irfr  is  meant  a  force  of  that  intensilj 
whieh  will  raise  Ai.i.HH'  pounds  one  foot  per  minute,  or  nearly 
-."■HHt.iHH*  iMiiuJs  one  foot  per  hour. 


Or^Duy 

Corniflh 
Boiler. 

1 

1 

10 

or  more. 

10 

or  more. 

1 

2 

15 

60  to  70 

60 

150 
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Conditions  for  tach  Horse-Power, 

Quantity  of  water  to  be  evaporate  per  hour  in  cubic  feet, 

Volume  of  water  in  boiler  in  cubic  feet, 

i^olmne  of  steam  in  steam-chamber  in  cubic  feet, 

SjtesL  of  fire-grate  in  square  feet,  .... 

krea  of  heating  surface  in  square  feet, 

[Srcuit  of  flues  in  linear  feet, 

ResidU,  • 

Bituminous  coal  per  hour  for  each  horse-power,     .         .  10  lbs.    5|Ibs. 

Water  evaporated  by  each  pound  of  coal,  .         .  6  "    llj  " 

Bituminous  coal  consumed  per  hour  for  each  square  foot 

of  grate, 10  "      2J  « 

(307.)  WatCs  Condensing'' Engine.  —  The  steam-engine,  in 
its  present  form,  was  invented,  between  the  years  1763  and  1769, 
t>y  James  Watt,  originally  a  maker  of  philosoj^cal  instruments 
in  Glasgow.  This  invention  stands  without  a  parallel  in  the 
bistory  of  the  mechanic  arts.  Perfect  almost  from  its  first  con- 
cseption  even  in  its  minutest  details,  it  has  since  received  no 
improvement  involving  a  single  principle  unknown  to  Watt.  It 
18  true  that  we  have  machines  at  the  present  day  which,  not 
only  in  magnitude,  but  also  in  the  perfection  of  the  mechanical 
details,  and  in  the  beauty  and  simplicity  of  the  combination  of 
the  several  parts,  far  exceed  any  Watt  ever  saw ;  but  all  these 
improvements  have  been  only  the  necessary  development  of  his 
first  conception. 

Most  of  the  parts  of  the  condensing-cngine  are  shown  in  Fig. 
441,  which,  although  necessarily  imperfect  in  its  details,  will 
serve  to  illustrate  the  relation  of  the  parts.  The  most  essential 
part  of  the  machine  is  the  large  cast-iron  cylinder  (shown  on  the 
left-hand  side  of  the  cut),  within  which  moves  the  piston  P. 
The  interior  of  this  cylinder  is  turned  on  a  lathe,  so  as  to  be 
perfectly  true,  and  the  sides  of  the  piston  are  made  elastic  by 
what  is  termed  the  packing'^  which  prevents  any  leakage  of  the 
steam  around  the  edge.  The  surfaces  of  this  piston  receive 
directly  the  pressure  of  the  steam  ;  and  it  is  therefore  to  be  re- 
g^ttded  as  the  point  of  application  of  the  expansive  force,  and 
fhe  origin  of  the  motion  of  the  engine.  The  steam  generated 
in  the  boiler  just  described,  and  conveyed  to  the  machine  through 
fhe  steam-pipe,  is  first  received  into  the  valve-chest  b  through  the 
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apertnrc  o.  and  from  this  it  &  admitted  altenuteljr  into  tbe  lop 
and  bottom  of  the  cylinder  by  a  sliding-Talve,  which  is  moved  bj 
tlie  nxl  b  m,  passing  through  a  packing-liox  on  top  of  the  TalvMkst 


Tlie  same  valve  also  opens  and  closes  the  vent-hole  a,  by  wl 
the  steam,  afti;r  liaviiifj  done  its  work  in  moving  the  pUtor 
dischargwl  altornatoly  frani  either  end  of  the  cylinder  tliro 
the  edaction-pi/ic  U.  When  the  valve  is  in  the  position  re 
setited  in  Fig.  441,  the  steam  haa  free  access  to  the  upper  par 
the  cylinder,  and  presses  on  the  top  of  the  piston,  while  from 
space  below  the  piston  a  vent  is  opened  through  the  tube  i 
Consequently  tlie  piston  falls;  but  when  it  reaches  the  bottoE 
tlic  cylinder,  the  position  of  the  valve  is  suddenly  changed  to 
represented  in  Fig.  442,  and  a  connection  is  opened  between 
upper  part  of  tlie  cylinder  and  tlic  eduction-pipe,  wlille  at 
same  time  the  steam  is  admitted  below  the  piston,  whose  mo 
is  thus  reversed.     When  the  piston  reaches  the  top  of  the  cj 
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le  position  of  the  valve  is  again  changed ;  and  thus  continu- 
so  that  a  reciprocating  motion  is  the  result.  This  motion 
imunicated  by  the  piston-rod  Aj  which  passes  steam-tight 
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;h  the  packing-box  rf,  on  the  liead  of  the  cylinder,  to  one 
f  the  large  lever  L,  called  the  beam^  and  by  the  beam  it  is 
r  transmitted  through  the  connecting-rod  I  to  the  crank  JT, 
turns  the  shaft  of  the  engine,  and  gives  motion  to  the  ma- 
y  connected  with  it. 

Wheel. — When  the  piston  is  at  the  top  of  the  cylinder,  the 
is  in  its  lowest  position  ;  and,  on  the  other  hand,  when  the 
is  at  the  bottom  of  the  cylinder,  the  crank  is  in  its  highest 
n.  In  either  of  these  positions,  called  the  dead  pdints^  it 
ious  that  the  pressure  of  the  steam  can  communicate  no 
I  to  the  crank,  and  the  machine  would  come  to  rest  were  it 
r  the  large  iron  wheel  F,  called  the  fly-wheel^  which  is 
3d  to  the  shaft  and  revolves  with  it.  This  wheel,  which 
large  mass  of  matter  in  its  rim,  having  once  received  a 
I  velocity  of  rotation  on  its  axis,  carries  by  its  inertia  the 
and  piston  through  the  dead  points,  and  brings  them  into 
ion  in  which  the  power  becomes  effective. 
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The  fly-wheel,  moreover,  equalizes  the  motion  of  the  machme, 
and  gives  a  uniformity  to  its  action  it  could  not  otherwise  have, 
owing  to  the  unequal  leverage  at  which  the  connecting-rod  acts 
on  the  crank  in  its  different  positions.  Then,  again,  the  uni- 
form rotation  of  the  wheel  acts  back  upon  the  piston  through 
the  crank  with  the  happiest  effect,  bringing  the  piston  slowly  to 
rest  at  the  end  of  each  stroke,  and  thus  preventing  the  jar  which 
would  result  from  a  sudden  change  in  the  direction  of  the  mo- 
tion. Indeed,  this  whole  combination  is  one  of  the  happiest 
results  of  mechanics,  and  will  repay  the  most  careful  study.  A 
fly-wheel  is  only  essential  in  a  stationary  engine.  In  the  engine 
of  a  steamboat  or  a  locomotive,  the  same  effect  is  produced  by 
the  momentum  of  the  moving  mass. 

Parallel  Motion, — The  system  of  jointed  rods  CD  £  (Fig.  441), 
by  which  the  piston-rod  is  connected  with  the  beam,  called  tiie 
parallel  motion^  is  an  ingenious  invention  of  Watt  to  prevent  any 
lateral  strain  on  the  former.  Since  the  end  of  the  piston-rod  must 
move  in  a  vertical  lino,  while  the  end  of  the  beam  describes  the  arc 
of  a  circle  coinciding  with  this  line  only  at  one  point,  it  is  easy 
to  see  that  they  could  not  be  directly  jointed  together ;  and  it 
can  also  be  readily  shown,  by  the  principle  of  the  composition  of 
forces,  that,  if  they  were  connected  by  the  rod  D  alone,  a  lateral 
strain  would  be  exerted  on  the  piston-rod  which  would  soon  de- 
range the  machinery.  By  means  of  the  system  of  rods  repre- 
sented in  the  figure,  the  end  of  the  piston-rod  is  suffered  to 
move  in  a  vertical  direction,  and  the  lateral  force  resulting  from 
the  decomposition  of  the  motion,  in  its  transmission  to  the  beam, 
is  Ivilanced  by  the  resistance  of  the  rods  C  and  -E,  called  radius 
hiirs^  which  are  connected  by  joints  to  the  frame  of  the  engine. 

The  parallel  vwtion  of  Watt  does  not  completely  answer  its 
object,  tliat  is,  it  does  not  cause  the  end  of  the  piston-rod  to  move 
in  an  absolutely  straight  line ;  and  when  the  stroke  of  the  piston 
lH*ai*s  a  largo  proportion  to  the  length  of  the  beam,  the  deviation 
fivui  a  straiglU  line  becomes  of  practical  importance.  Hence, 
a  large  number  of  other  parallel  motions  which  have  been  in- 
veiited  to  riMnedy  this  defect.  One  of  the  simplest  contrivances 
fi>r  tlie  pur|x>se,  and  the  one  generally  used  in  this  country, 
consists  in  diivcting  the  motion  of  the  piston-rod  by  a  cross-piece 
sliding  in  vertical  grooves,  which  are  kept  in  their  place  by  a 
stiff  frame-work. 
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Uie  Eccentric, — It  has  already  been  shown  that  the  conneo- 
ions  between  the  ends  of  the  cylinder  and  the  boiler  or  vent- 
iibe  may  be  alternately  opened  and  closed  by  a  sliding  motion 
;iven  to  the  valve  ;  it  now  remains  to  show  how  this  motion 
3  obtained  automatically.  A  wheel  (iJ,  Fig.  442),  called  the 
ccentricj  is  so  attached  to  the  main  shaft  of  the  engine  that  its 
lentre  does  not  coincide  with  the  axis  of  rotation.  This  eccen- 
ric  revolves  within  a  metallic  ring,  C7,  and  imparts  to  it  a  back- 
ward and  forward  motion,  which  is  transmitted  by  the  arm  Z  Z 
o  a  bent  lever,  Soy,  and  by  that  to  the  rods  d  and  6,  which  act 
lirectly  on  the  valve.  The  extent  of  the  motion  of  the  valve 
s  easily  regulated  by  the  length  of  the  arms  of  the  lever,  and 
he  moment  at  which  it  begins  to  move  in  either  direction  is 
letermined  by  the  position  of  the  eccentric  on  the  shaft.  In 
starting  the  engine,  or  in  reversing  its  motion,  the  valves  are 
noved  by  hand,  and  there  is  always  a  handle  connected  with  the 
ever  Soy  for  the  purpose.  It  is  not  until  after  the  fly-wheel 
tias  acquired  a  certain  momentum,  that  the  arm  Z  Z  of  the 
iccetUric  is  geared  on  to  tlie  lever  at  S.  In  order  to  stop  the 
3ngine,  the  arm  is  ungeared  and  the  motiop  of  the  valves  regu- 
lated, as  before,  by  hand.  There  is  no  part  of  the  steam-engine 
on  which  more  ingenuity  has  been  shown  than  on  the  valves,  and 
Ehe  automatic  machinery  for  opening  and  closing  them.  The  form 
of  the  valve  represented  in  the  above  figures  is  the  simplest,  and 
is  very  generally  used  in  small  engines ;  but  in  large  engines 
there  are  frequently  four  separate  valves,  which  are  opened  an^ 
dosed  independently. 

The  Condenser.  —  If  the  eduction-pipe  IT  (Fig.  441)  opened  di- 
rectly into  the  atmosphere,  the  engine  would  work  perfectly  well 
with  only  the  parts  which  have  been  now  described ;  only  there 
would  be  a  loss  of  power :  for  a  portion  of  the  expansive  force  of 
steam  would  be  expended  in  overcoming  the  pressure  of  the  air. 
Vatt  avoided  a  part  of  this  loss  by  an  application  of  the  well- 
known  law  (287),  that  the  tension  of  any  vapor  in  vessels  com- 
Unmicating  with  each  other  is  always  that  which  corresponds  to 
flie  temperature  of  the  coldest  vessel.  He  connected  the  educ- 
Bon-tube  of  his  engine  with  a  larged  closed  iron  box  (  O,  Fig 
441),  called  the  condenser,  so  that  whenever  by  the  motion  of 
be  valve  the  orifice  of  the  eduction-tube  is  opened,  the  waste 
iteam  rushes  at  once  into  the  cold  vessel,  leaving  a  partial 
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vacuum  in  the  cylinder,  against  which  the  fresh  steam  acts  irifli 
nearly  its  full  force. 

The  gain,  however,  thus  obtained  is  not  so  great  as  it  would 
at  first  sight  seem,  since  a  portion  of  the  power  thus  realized  is 
expended  in  working  the  pumps  connected  with  the  condenser. 
In  order  to  produce  a  sudden  condensation  of  the  steam,  it  is 
necessary  to  discharge  into  the  condenser  a  constant  stre^im  of 
water.  This  water,  forced  in  by  the  atmospheric  pressure  through 
the  pipe  T  (Fig.  441),  which  ends  in  what  is  termed  a  rosej'is 
showered  in  fine  jets  through  the  chamber.  The  amount  of  water 
which  it  is  thus  necessary  to  introduce  is  at  least  twenty  times  as 
great  as  the  weiglit  of  steam  condensed,  and  would  soon  fill  the 
condenser.  Hence  the  necessity  of  the  pump  M,  worked  from 
the  beam  of  the  engine,  by  which  both  the  hot  water  and  auy 
air  that  may  be  mixed  with  it  are  rapidly  removed,  aud  the 
water  discharged  into  the  hot  well  N.  The  piston  of  this  puinp, 
called  t]\Q  air-pump,  has  generally  about  one  half  of  the  area  aud 
one  half  of  the  stroke  of  the  large  piston,  and  the  general  ar- 
rangement of  its  valves  may  be  seen  in  Fig.  443.  The  condenser 
is  usually  entirely  immei'sed  in  a  tank  of  water,  called  the  coJd 
treff,  which  is  fed,  when  possible,  by  an  aqueduct,  or  otherwise 
by  a  suction-pum[),  as  R,  Fig.  441,  worked  by  a  rod  attached 
to  the  beam  of  the  engine,  and  drawing  its  water  from  some 
noiirhl>oring  well.  Still  a  third  pump  is  frequently  attached  to 
the  Innun,  which  draws  water  from  the  hot  well  and  forces  it  into 
the  boiler.  The  supply  of  water  to  the  condenser  is  regulated 
by  a  valve  so  placed  as  to  be  at  the  command  of  the  engineer, 
and  befi>re  stopping  the  machine  it  is  necessary  to  close  this 
valve. 

The  machine  which  has  just  been  described  may  be  regarded 
as  a  ivprcscntative  steam-engine.  The  student  must  not  expect 
\o  fiiul  the  parts  of  an  actual  working  engine  as  simple,  or  com- 
bined in  the  same  way,  as  those  represented  in  Fig.  441 ;  but 
haviuir  once  become  familiar  with  the  parts,  as  they  are  shown  in 
this  fiirure,  he  will  be  able  readily  to  recognize  them  in  a  work- 
ing enirine,  and  to  trace  out  the  connection  of  their  motions. 

(^•SOS.^  Sing-ie-actifi^  Steam-Efigine,  —  When  the  steam-engiue 
IS  used  for  pumping  water,  which  was  at  first  its  only  practical 
ai>i>licatiou,  its  force  is  required  only  in  raising  the  pump-rods 
witli  their  load   of  water,  their  own  weight  being  more  than 


sufficient  for  tlieir  descent.  If  the  piston  and  pump  rods  are 
attached  to  opposite  ends  of  a  working-boam,  the  force  of  the 
i  is  only  required  in  pressing  the  piston  down ;  and  there  is, 


ttierefore,  no  necessity  of  admitting  the  steam  to  the  bottom  of 
the  cylinder.  Engines  constructed  for  this  purpose,  in  which  the 
steam  acts  only  on  one  side  of  the  pistou,  are  colled  single-acting 
engiues,  to  distinguish  them  from  the  dovble-acling  engines  de- 
scribed in  the  last  section.  They  are  geuerally  used  for  pumping 
▼sler  from  mines,  and  are  frequently  called  Cornish  enguict<, 
because  they  were  brought  to  perfection  in  the  mining  district  of 
Cronwall,  in  England.  A  representation  of  one  of  these  engines 
»  given  in  Fig.  443. 

The  steam  from  the  boiler  enters  the  valve-chest  by  the  tube 
T.  A  rod,  d,  passing  through  a  packing-box  in  the  top  of  the 
nlve^best,  moves  three  valves,  m,  n,  o.  The  valves  m  and  o 
open  upward,  while  the  valve  n  opens  downward.  When  the 
niTee  are  in  the  position  represented  in  the  figure,  m  and  o  open 
■ad  n  closed,  the  steam  from  the  boiler  exerts  its  full  effect  on 
tiie  upper  surface  of  the  piston,  and  presses  it  down  ;  but  just 
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hefoTQ  the  piston  reaches  the  lowest  point  of  its  conrse,  a  projeo* 
tion,  i,  on  the  rod  F,  moved  by  the  beam,  strikes  the  arm  of  i 
bout  lever,  dc  k^  which,  acting  on  the  valve  rod  at  d,  causes  it  to 
descend,  tlius  closing  the  valves  w,  o,  and  opening  tlie  valve  i, 
called  the  equilibrium  valve.     All  connection  between  the  cylin- 
der and  cither  the  boiler  or  condenser  is  now  closed ;  but  the  tro 
ends  of  tlie  cyliud or  freely  communicating  together,  the  piston  is 
rais(Ml  by  tlie  weight  of  the  pump-rod  Q,  while  the  steam  passes 
from  the  top  to  tlie  bottom  of  the  cylinder  through  the  tube  C, 
As  the  piston  now  reaches  the  top  of  the  cylinder,  a  second  pro- 
jection, a,  on  the  rod  F,  strikes  the  end  of  the  bent  lever  and 
restores  the  valves  to  their  first  position ;  then  the  pisUm  descends 
as  before,  and  so  continuously.     Parallel  motion  is  obtained  in 
these  engines  by  the  very  simple  arrangement  represented  in  the 
figure,  and  tlie  condenser  is  the  same  as  that  described  in  the  last 
section.     The   efficiency  of  these  engines  is  estimated  by  the 
nuinl>er  of  pounds  of  water  which  they  are  capable  of  elevating 
one  foot  by  the  combustion  of  one  bushel  of  coal.     This  numter 
is  tornicd  the  duty  of  the  engine.     By  a  careful  construction 
and  management  of  the  engine  and  boiler,  this  duty  has  been 
riis;;(l  as  high  as  125,000,000  pounds. 

(oOi».)  7%c  Non-condrnsinir  Engine. — This  form  of  the  steam- 
engine  (liirei*s  from  those  just  described  only  in  this,  that  it  has 
no  condenser,  and  the  steam  is  vented  from  the  cylinder  directly 
into  the  atmosphere.  Although,  for  the  reasons  already  state<i,  it 
cannot  be  worked  so  economically  as  the  condensing  engine,  it 
has  the  advantage  of  greater  simplicity  and  compactness,  and  its 
lirst  cost  is  much  less  than  that  of  its  more  cumbrous  rival.  It 
is  therefore  frequently  preferred  when  these  considerations  are  of 
more  importance  than  the  saving  of  a  few  tons  of  coal.  There  i« 
nothing  peculiar  in  the  construction  of  this  form  of  engine,  anJ 
either  of  the  machines  just  described  might  be  converted  into  a 
non-condensing  engine  by  simply  cutting  off  the  eductiou-tul^o 
ami  disconnecting  the  pum|>-rods  from  the  beam.  Of  this  cla<> 
the  most  important  is  the  locomotive  engine  (Fig.  444),  ami 
we  have  selected  it  as  an  example.  The  construction  of  the 
hoilor  of  a  locomotive  has  already  been  described  ;  and  s^inco 
we  are  now  acquainted  with  the  construction  of  the  single  parts 
ot  a  >ieam-engiue,  it  will  only  be  necessary  to  point  them  out 
in  the  liirure. 


X  X  IB  the  main  bodj  of  tlie  boiler ;  D,  the  lower  part  of  the 
"e-box ;  y,  tlio  smoke-box ;  o,  the  brass  tubes  connecting  the 
'O ;  O,  the  fire-door,  by  which  the  fuel  is  introduced  ;  »,  the 


iter^nge,  indicating  tlio  level  of  the  water  in  the  boiler ; 
,  the  vent-cock,  by  wliich  the  water  can  bo  discharged  from  the 
Uer  ;  R,  R,  the  feeders  wliich  conduct  water  from  the  tfiuier 
two  force-pumps  (not  shown  in  the  drawing),  by  wliich  it  is 
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forced  iiito  the  boiler ;  Z  Z,  the  dome  of  the  boiler ;  f ,  the  safety, 
valves,  wliich  are  held  in  place  by  spiral  springs  enclosed  in  tin 
cases  e ;  g*,  the  steam-whistle  ;  /,  the  valve  opening  into  tlie 
steam-pipe  ;  G,  a  rod  which  controls  the  motion  of  the  valie. 
In  the  drawing,  the  engineer  holds  hi  his  hand  the  lever  by  whidi 
this  rod  is  turned  and  the  valve  opened  more  or  les^,  as  cir- 
cumstances may  require  ;  a  graduated  arc,  over  which  the  lever 
moves,  enables  him  to  adjust  the  valve  to  any  position,  and  thus 
to  regulate  the  speed  of  the  engine.  A  is  the  steam-tube,  which 
conducts  the  steam  from  the  top  of  the  dome  to  the  two  cylin- 
ders ;  this  tube  passes  through  the  boiler  into  the  smoke4)oi, 
where  it  branches,  as  shown  by  dotted  lines  in  the  figure ;  bj 
this  arrangement  any  condensation  of  the  steam,  while  passing 
througli  the  pipe,  is  prevented.  F\s  one  of  the  cylinders  ;  there 
is  another  on  the  other  side  of  the  smoke-box  ;  the  steam  is 
admitted  into  tlie  ends  of  these  cylinders  and  discharged  from 
tliem,  by  means  of  sliding  valves  worked  by  eccentrics  on  the  axle 
of  the  driving-wheels ;  there  are  generally  two  sets  of  these  ec- 
centrics placed  in  opposite  jMJsitions  on  the  axle,  one  set  for  the 
forward  and  the  other  for  the  backward  motion  of  the  locomotire, 
and  so  arranged  that  they  can  be  thrown  out  of  gear  or  brought 
into  action  at  the  pleasure  of  the  engineer.  All  this  part  of  the 
machinery,  however,  being  beneath  the  boiler,  is  not  visible  in 
the  drawing.  E  is  the  eduction-tube,  by  whicli  the  steam  is 
discharged  from  the  cylinder  into  the  smoke-pipe  Q;  f,t  are  stop- 
cocks, by  which  any  water  condensed  in  the  cylindei*s  may  be 
vented  ;  P  is  the  piston  ;  F,  the  packing-box,  through  which 
passes  the  piston-rod  ;  r  r  are  guides,  corresponding  to  the  jmr- 
allel  motion  of  the  stationary  engine,  by  which  the  piston-rod  i;^ 
forced  to  move  in  a  straight  line,  and  any  lateral  strain  pre- 
vented ;  and,  finally,  K  is  the  connecting-rod,  by  which  the 
motion  of  the  piston*  is  commmiicated  to  the  crank  M  on  the 
axle  of  the  large  driving-wheels.  In  starting  the  locomotive,  as 
in  the  other  forms  of  the  steam-engine,  the  valves  must  be  moved 
by  hand  ;  a  lever,  communicating  with  the  valves  by  melius  of 
connecting-rods,  marked  B  and  C  in  the  figure,  is  always  pro- 
vided for  this  purpose  near  the  front  of  the  engine.  It  is  only 
when  the  train  is  in  motion,  and  its  momentum  sufficient  to 
regulate  the  movements  of  the  machine,  that  the  eccentrics  are 
thrown  into  gear. 
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(310.)  Mechanical  Power  of  Steam.  —  We  can  easily  calcu- 
late the  mechanical  power  generated  by  the  conversion  of  water 
into  steam  from  the  known  increase  of  volume  *  which  accompa- 
nies this  change.  For  this  purpose,  let  us  assume  that  we  have 
a  tall  cylindrical  vessel,  open  at  the  top,  the  area  of  whose  base 
is  one  square  decimetre.  Let  us  further  assume  that  the  cylinder 
is  filled  with  water  at  4**  to  tlie  depth  of  one  decimetre,  and  con- 
tains, therefore,  one  litre  or  one  kilogramme  of  the  liquid  ;  and, 
lastly,  let  us  assume  tliat  a  piston  without  weight,  and  moving 
steam-tight  without  friction  in  the  cylinder,  rests  on  the  surface 
of  the  water.  If  now  we  raise  the  temperature  of  this  cylinder 
to  100°,  and  furnish  it  with  a  constant  supply  of  heat,  the  water 
will  change  into  steam,  occupying  1,698.5  times  its  former  vol- 
ume, and  having  a  tension  of  76  c.  m.,  or  one  atmosphere ; 
which  will  therefore  raise  the  piston  1,697.5  decimetres  under  the 
atmospheric  pressure,  that  is,  will  raise  103.33  kilogrammes  to 
the  height  of  169.75  metres.  The  mechanical  power  thus  exerted 
is,  then,  equal  to  17,540  kilogramme-metres  (compare  238).  If 
we  raise  the  temperature  to  120*^.6,  and  furnisli  a  constant  supply 
of  heat,  as  before,  the  water  will  change  into  steam  occupying 
896.22  times  its  former  volume,  and  having  a  tension  of  two 
atmospheres.  It  will,  therefore,  raise  the  piston  895.22  decime- 
tres under  the  pressure  of  the  air,  when  loaded  with  an  additional 
weight  of  103.33  kilogrammes,  thus  exerting  a  meclianical  power 
of  206.66  X  89.522  =  18,501  kilogramme-metres.  In  like  man- 
ner, the  other  values  given  in  the  fourth  column  of  the  following 
table  may  be  easily  calculated  :  — 


tan  of 

Tendon 

in  Atmo»- 

phevM. 

Volume  of 

1  Kilogramme 

inUtres. 

Power  in 
Kilogramme- 
metres. 

Total  Heat 
abmrbed  in 
Braporation. 

Power  from 
1  Heat  Unit  in 
Kil<^.Hnetree. 

ioo!o 

1 

1,698.5 

17,540 

637.0 

27.53 

120.6 

2 

896.22 

18,501 

643.3 

28.76 

144.0 

4 

474.81 

19,583 

650.4 

80.11 

170.8 

8 

252.67 

20,804 

658.6 

31.59 

By  comparing  the  conditions  assumed  above  with  those  in  an 
actual  steam-engine,  it  will  be  seen  that  the  power  given  in  the 

*  The  Tolame  of  the  steam,  as  compared  with  that  of  an  equal  weight  of  water  at 
4®,  can  always  be  obtained  by  dividing  the  weight  of  one  cnbic  metre  of  water  at  4° 
(one  million  grammes)  by  the  weight  of  one  cubic  metre  of  steam  as  given  in  the  table 
on  page  571. 
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above  table  is  the  greatest  possible  power  whi(^  can  be  obtained 
by  the  conversion  into  steam  of  one  kilogramme  of  water  at  the 
dlfierent  temperatures ;  provided,  as  we  assumed  in  the  descri|h 
tion  of  the  steam-engine  (SOT),  that  the  tmsicm  of  the  steim 
does  not  change  from  the  time  it  leaves  the  boiler  until  it  is  dis- 
chai'ged  into  the  condenser,  and  provided,  also,  that  the  steam 
acts  against  a  perfect  vacuum.  These  conditions  are  neveir  AiUf 
realized  in  practice,  so  that  even  with  the  best  r^ulated  nu^ 
chines  we  only  obtain. from  one  half  to  two  Uiirds  of  the  flieo- 
retical  effect. 

The  total  number  of  units  of  heat  required  to  change  one 
kilogramme  of  water  into  steam  of  one,  two,  four,  and  eigtit 
atmospheres'  pressure,  as  calculated  by  [202],  is  given  in  the 
fifth  column  of  the  above  table,  and  the  sixth  column  shows  the 
power  obtained  in  each  case  by  the  expenditure  of  one  unit  of 
heat.  It  will  be  noticed  that  tlie  power  is  nearly  the  same  in 
all  cases,  and  hence  it  follows,  apparently,  that  no  important  gain 
is  obtained  by  the  use  of  steam  of  high  tension.  There  is,  how- 
ever,  a  mode  of  working  the  steamrengine  in  which  the  gain  thos 
effected  is  very  great. 

Let  us  suppose  that  the  boiler  is  supplying  steam  of  four  atmos- 
pheres, which,  as  the  table  shows,  it  can  supply  at  only  a  little 
greater  expenditure  of  heat  (in. other  words,  of  fuel)  than  steam 
of  one  atmosphere  pressure.  If  the  engiiie  were  worked  with 
steam  of  one  atmosphere  pressure  under  the  conditions  described 
above,  each  volume  of  steam  equivalent  to  the  capacity  of  the 
cylinder,  and  weighing,  as  we  will  suppose,  one  kilogramme,  will 
do  the  wotk  of  raising  103.33  kilogrammes  through  a  heigixl 
equal  to  the  length  of  the  stroke  of  the  piston.  Speaking  ap 
proximatively,  the  same  weight  of  steam  of  four  atmosphern' 
tension  will  do  an  equivalent  work  during  the  first  quarter  of  the 
stroke  ;  for  it  will  raise  four  times  103.33  kilogrammes  throogk 
one  fourth  of  the  previous  height.  Suppose,  now,  that  the  co» 
nection  between  tlie  cylinder  and  the  boiler  is  closed  at  this  pewit} 
it  is  evident  that  the  steam  will  continue  to  exert  an  expansbv 
force,  although  a  force  lessening  gradually  as  the  capacity  of  tbo 
cylinder  increases.  When  the  piston  has  been  raised 
one  half  of  the  stroke,  the  volume  of  the  kilogramme  A&  cteia 
will  have  doubled,  and  its  tension  have  been  reduced  fotfott- 
mospheres ;  when  it  has  achieved  three  fourths  of  the  stWe,  th 
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volume  will  have  trebled,  and  the  tension  have  been  reduced  to 
H  atmospheres ;  and  even  at  tlie  end  of  the  stroke,  when  the  vol- 
ume has  quadrupled,  the  pressure  will  still  be  one  atmosphere. 
Here,  then,  is  a  verj  large  gain  of  power  without  any  additional 
expenditure  of  fuel.  In  practice,  these  conditions  are  realized 
by  closing  the  valve  admitting  steam  into  the  cylinder  after  a 
certain  fraction  of  the  stroke,  by  means  of  various  forms  of  au- 
tomatic machinery,  called  cut-offs.  The  actual  theoretical  advan- 
tage gained  in  any  case  can  readily  be  calculated.  It  is  evidently 
the  greater,  the  higher  the  tension  of  the  steam  in  the  boiler  and 
the  sooner  it  is  cut  off  after  the  beginning  of  the  stroke  In  no 
case,  however,  is  the  total  practical  effect  as  great  as  the  theoret- 
ical power  given  in  the  table  on  page  631.  When  thus  worked, 
ihe  engine  is  said  to  be  worked  expansively. 

We  are  far  from  obtaining  with  the  steam-engine  the  full  me- 
chanical equivalent  of  heat,  even  when  working  under  the  most 
ftvorable  circumstances      It  will  be  remembered,  that,  according 
to  Joule's  experiments  (238),  one  unit  of  heat  is  capable  of  gen- 
erating a  power  equal  to  423  kilogranmie-metres,  which  is  13.4 
times  greater  than  31.59  kilogramme-metres,  the  greatest  pos- 
able  effect  which  could  be  obtained  with  the  steam-engine  when 
not  worked  expansively,  even  under  a  pressure  of  eight  atmos- 
1^168.     Considering,  then,  that  we  do  not  realize,  even  under 
tbe  best  circumstances,  much  more  than  one  half  of  this  theoreti- 
cal effect,  it  will  be  seen  that  we  actually  obtain  with  the  steam- 
engine  only  about  one  twentieth  of  the  power  which  the  fuel  is 
e^pable  of  yielding.     To  find  a  more  ecoiromical  means  than  this 
^si  converting  heat  into  mechanical  effect,  is  one  of  the  great  prob- 
lems of  the  present  age. 

(311.)  Low  and  High  Pressure  Engines,  —  As  the  tension  of 
"flie  steam  used  in  non-condensing  engines  (309)  is  necessarily 
Ipreater  than  the  pressure  of  the  air,  they  are  frequently  called 
kigh'pressure  engines,  while  the  condensing  engines  are  known 
^r  $8  tow-pressure  engines.     These  terms,  however,  do  not  correctly 
>ttq>re88  their  nature,  since,  although  the  non-condensing  engine 
lUst  necessarily  be  worked  at  a  high  pressure,  yet,  as  we  have 
seen,  a  great  advantage  is  gained  by  working  the  condensing 
gine  under  a  similar  pressure  ;  and,  in  fact,  the  so-called  low- 
assure  engines  are  frequently  worked  under  as  great  a  head  of 
Mm  as  the  high-pressure  engines. 
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PROBLEMS. 

Heai  of  Fusion. 

352.  Three  kilogrammes  of  ice  at  0^  are  mixed  with  10  kilogrammes 
of  water  at  100^.  Required  the  temperature  of  the  mixture  afUr  the  ice 
is  melted. 

353.  How  much  ice  at  0^  must  be  added  to  200  kilognumnes  of  water 
at  ]  G^  in  order  to  reduce  its  temperature  to  10°  ? 

354.  Solve  the  same  problem,  substituting  letters  for  the  numbers. 

355.  How  much  ice  at  0^  is  required  to  cool  10  kilognumnes  of  mer- 
cury from  100°  to  0^? 

356.  A  mass  of  tin  weighing  55  grammes  and  heated  to  100^  was  en- 
cla^ed  in  a  cavity  made  in  a  block  of  ice.  Required  the  amount  of  ice 
mehtnl. 

357.  Eight  kilogrammes  of  ice  at  0°  were  mixed  with  35  kilogrammes 
of  water  at  59°  ;  after  the  ice  had  melted,  the  temperature  of  the  water 
was  33°.3.     Required  the  heat  of  fusion  of  ice. 

358.  In  order  to  determine  the  heat  of  fusion  of  lead,  200  grammes  of 
melted  l<*ad  at  the  melting-point  were  poured  into  1,850  grammes  of  water 
at  10°.  AAer  the  lead  had  cooled,  the  water  was  found  to  have  acquired 
a  temperature  of  11^.64.     Required  the  heat  of  fusion  of  the  metal 

Tension  of  Vapors, 

.'>59.  Before  filling  a  barometer  with  mercury,  a  small  quantity  of  water 
was  jK>unHi  into  the  tube.  How  high  will  the  mercury  stand  in  the  ba- 
nnuoier  when  the  temperature  is  20^  and  the  pressure  of  the  air  77  cm.? 
Sv»lvo  the  same  problem,  assuming  that  alcohol  was  used  instead  of  water. 

t>r»'K  IX'teriuine  the  height  of  the  mercury-column  in  a  barometer-tube 
wIkwo  walls  are  moi>teued  with  water  at  the  temperatures  and  pressures 
iiulioalinl  Ih*1ow  :  — 

H  =  77.20  cm.  r  =  90^. 
H  =  76.54  "  r  =  60°. 
iy=  78.10     "        t  =  lOO^*. 

."^ro.  S^^lve  the  l:v<t  pmblem,  assuming,  first,  that  chloroform,  and,  seo- 
OMvllw  that  oil  of  tuqx^ntine,  were  used  instead  of  water. 

C^t>2.  CalvMilato  by  [199]  the  tension  of  the  vapor  of  water  at  the 
folKnxinc    u:ujKra:ures  :   — UV.24,  15^45,  40°.25,  60°,58,  150°.5,  and 

o»>K  IVtonnino  the  tension  of  the  vapors  of  alcohol,  of  ether,  and  of 
ohU^r\>!v>rru  a:  ilu*  tblk^winir  temperatures,  assuming  that  the  principle  of 
ivH^-x'  ose  i-.  ivmvi :  :^*Me.  15-.t>4.  10=^.22,  and  5M2. 

^"^^'^1.  U.^tvrtnino  the  KMling-poinl  of  water  under  the  following  pre?- 
>ur\>  :  7  4^4  o.  m^  o:*.:»4  c.  nu  34.20  cm.,  10.50  c  m.,  and  5  cm. 


I 

//  = 

.6.i2  c.  m. 

t  =  20^. 

4. 

:J 

// 

Till     •• 

t  =  Ai)^. 

1 

5. 

.^ 

//  = 

:4.56     " 

t  =  \0°. 

1 

6. 
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865.  Determine  the  boiling-points  of  alcohol  under  the  following 
pres'^ures :  4.40  c  m. ;  163.5  c.  m. ;  725.78  c.  m. 

366.  A  cylindrical  vessel  at  the  temperature  of  120^.6  is  filled  with 
vapor  of  water  having  a  tension  of  100  c.  m.  What  will  be  the  tension 
of  the  vapor  if  its  volume  is  reduced  to  one  half  hj  pushing  down  the 
piston  ?     What  will  be  the  tension  of  the  vapor  if  its  volume  is  doubled  ? 

367.  A  glass  vessel  is  filled  with  dry  steam  which  at  the  temperature 
of  100°  has  a  tension  of  54.22  c.  m.  To  what  temperature  must  the  ves- 
sel be  cooled  before  the  steam  begins  to  condense  ?  What  will  be  the  ten- 
sion of  the  steam,  if  the^ vessel  is  heated  to  200^? 

368.  In  a  strong  iron  vessel,  whose  capacity  equals  5,000  c.  m.',  15.24 
grammes  of  water  are  hermetically  sealed.  Required  the  tension  of  the 
vapor  in  the  interior  of  the  vessel  at  the  following  temperatures  :  50°, 
100°,  100^  180^  and  250°. 

Latent  Heat  of  Vapors, 

369.  How  much  free  steam  must  be  condensed  in  order  to  raise  the 
temperature  of  20  kilogrammes  of  water  from  0°  to  90°  ?  How  much  to 
raise  the  temperature  of  246  kilogrammes  of  water  from  13°  to  28^? 

370.  How  much  vapor  of  alcohol  must  be  condensed  in  order  to  raise 
the  temperature  of  5  kilogrammes  of  alcohol  from  15°  to  30°  ? 

371.  Twenty-five  kilogrammes  of  free  steam  condensed  in  a  mass  of 
water  raised  its  temperature  from  4°  to  61°.4.  Required  the  volume  of 
the  water  before  and  after  the  condensation. 

372.  How  many  kilogrammes  of  ice  at  0°  would  be  required  to  con- 
dense 25  kilogrammes  of  free  steam,  and  reduce  the  temperature  of  the 
water  formed  to  0°. 

873.  Calculate  the  latent  heat  of  steam  at  the  following  temperatures : 
25°,  32°,  112°,  175°,  198°,  and   222°. 

374.  Calculate  how  much  heat  is  required  to  convert  one  litre  of  water 
at  15°  into  steam  at  its  maximum  tension  at  130°. 

375.  How  much  heat  would  be  evolved  by  the  condensation  of  one 
cubic  metre  of  steam  of  140°  at  its  maximum  tension  into  water  at  20°  ? 

Steafn-£hi^ne» 

376.  How  much  mechanical  force  is  generated  by  the  conversion  of  25 
kflogrammes  of  water  at  0°  into  steam  at  140  ^,  and  how  much  heat  is 
required  for  the  conversion  ? 

377.  The  piston  of  a  steam-engine  has  a  diameter  of  44  c.  m.,  and  it 
moves  1.15  m.  each  second.  Required  the  weight  which  the  machine  can 
miae  to  the  height  of  8  metres  in  one  second,  assuming  that  there  is  no 
i^sistance,  and  that  the  tension  of  the  steam  is  2.75  atmospheres.  Deter- 
mine, also,  the  quantity  of  heat  required  to  furnish  the  steam  employed  in 
producing  this  effect. 
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HYGROMETRY. 


(312.)  Formation  of  Vapor  in  an  Atmosphere  of  Gas,  —  If 
we  repeat  the  experiment  with  the  vessel  of  one  cubic  metre  ca- 
pacity described  in  (284),  with  only  this  change,  that  it  is  left 
filled  with  air,  we  shall  find  that  tlie  'same  amount  of  aqueous 
vapor  will  be  formed  as  in  a  perfect  vacuum.  For  each  tem- 
perature there  will  be  found  to  exist  simultaneously  in  the  cubic 
metre,  first,  an  atmosphere  of  air ;  secondly,  an  atmosphere  of 
aqueous  vapor,  having  the  weight  and  tension  which  are  giveu 
in  the  table  on  page  571.  The  only  difierence  between  the  cir- 
cumstances attending  the  formation  of  vapor  in  air  or  any  other 
gas,  and  in  a  vacuum,  is  in  the  time  required.  The  cubic  vessel, 
when  freed  from  air,  would  be  almost  instantaneously  filled  with 
vapor  of  the  given  tension  and  weight ;  but  in  the  same  vessel 
filled  with  air,  the  vapor  would  attain  its  maximum  tension  and 
density  only  after  several  minutes. 

The  tension  of  the  mixture  of  aqueous  vapor  and  air  is  always 
equal  to  the  sum  of  the  tensions  which  each  would  have  if  it 
filled  the  vessel  separately.  This  tension  can  then  be  found  for 
any  temperature  by  adding  to  the  tension  of  the  air,  as  indicated 
by  a  barometer,  the  tension  of  aqueous  vapor  taken  from  tlie 
talilo  of  maximum  tensions  opposite  to  the  given  temperature. 
Thus,  if  the  temperature  were  20"*,  and  the  barometer  indicated 
a  tension  of  76  c.  m.,  the  tension  of  the  mixture  of  air  aud 
vaj>or  would  be  equal  to  76  -f-  1.739  =  77.739,  and  a  barometer 
immersed  in  the  vessel  would  stand  at  that  height. 

If  now  we  suppose  the  vessel  to  be  extensible,  and  exposed  on 
the  outside  to  an  invariable  pressure  of  76  c.  m.,  it  is  evident 
that  it  will  be  expanded  until  the  tension  of  the  confined  mixture 
is  nMluced  to  the  same  value ;  and  it  is  frequently  a  problem 
of  great  practical  importance  to  determine  what  the  increa^ 
volume  will  be.  In  the  first  place,  it  is  evident  that,  as  the  vol- 
ume of  the  vessel  increases,  more  water  will  evaporate,  so  as 
to  keep  the  vapor  at  the  maximum  tension  for  the  temperature. 
Heiioe,  in  the  expanded  state,  the  tension  of  the  vapor  uill  still 
U^  l.T;>9  c.  m.  It  is,  therefore,  only  the  air  which  expands,  and 
as  the  tension  of  the  mixture  in  its  expanded  state  is  equal  by 
assumption  to  76  c.  m.,  it  is  evident  that  the  tension  of  the  air 
will  Ih}  equal  to  76  —  1.739  =  74.261  c.  m.     Moreover,  siuce  the 
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"▼olume  of  the  air  (which  is,  of  course,  ako  the  volume  of  the 
jnixtare)  must  be  inversely  as  its  tension  in  the  two  conditions, 
^we  have,  by  [200], 

1  :  F'  =  74.261  :  76,        whence        V  =  1.023  m.' 

This  solution  may  easily  be  made  general.  Let  H,  represent 
the  invariable  pressure  to  which  the  gas  is  exposed,  and  i^o  the 
tension  of  water  vapor  at  the  given  temperature.  Then,  in  the 
expanded  state,  the  tension  of  the  air  is  H^  —  ijo-  We  have, 
hy  substituting  these  values  in  [200],  V:V*  =  H^  —  1^  :  H^\ 
whence 

(1.)  V'=V  j^-^ ,     and  (2.)  V=  V  ^^^-     [203.] 

Bjr  means  of  (1)  we  can  always  calculate  the  increased  volume, 
F',  of  a  gas  when  saturated  with  moisture,  if  the  volume  of  the 
dry  gas  is  known ;  and  by  means  of  (2)  we  can  calculate  from  the 
measured  volume  of  the  moist  gas  the  volume,  F,  wliich  it  would 
kftve  measured  had  the  gas  been  perfectly  dry.  The  last  problem 
is  one  of  great  importance,  and'generally  presents  itself  in  a  form 
'  Bke  that  of  the  following  example. 
^-  A  volume  of  gas  confined  in  a  bell-glass  over  water  measures 
L,  9B0  cTm.*  when  the  temperature  is  20°  and  the  barometer  76  c.  m. 
R  What  would  be  the  volume  if  the  gas  were  perfectly  dry  ?  By 
MjK  mibstituting  the  data  given  in  (203.  2)  we  obtain, 

F==  250  ^^^^  =  244.25  c:m.».  [204.] 

[The  formula  just  employed  gives  in  any  case  the  volume  of  dry 

for  the  temperature  and  pressure  at  which  the  volume  of  tlie 

gas  was  observed;  only  it  is  necessary  to  remember,  in 

ig  the  formula,  that  H^  represents  the  pressure  to  which  the 

of  gas  and  vapor  was  exposed  at  the  time  the  volume 

measured.    This  can  always  be  ascertained  by  the  method 

ibed  in  (169).     When  the  volume  of  dry  gas  has  been  in 

way  determined  for  any  given  temperatui'e  and  pressure, 

easily  be  reduced  to  0**  and  76  c.  m.  by  means  of  [98] 

d  [184]. 

What  has  been  illustrated  above  in  the  case  of  the  vapor  of 
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water,  is  also  tnie  of  the  vapors  of  other  liquids.  Tlie  same  quan- 
tity of  liquid  will  evaporate  into  a  cubic  metre,  and  a  vapor  viD 
be  formed  of  the  same  tension  and  density,  whether  the  space  be 
empty  or  filled  with  gas ;  the  only  difference  being  that  the  liquid 
will  evaporate  very  much  more  slowly  in  the  last  case  than  in  flw 
first.  What  is  true  of  one  liquid  must  also  be  true  of  any  num- 
ber of  liquids  ;  provided  only  that  these  do  not  act  chemically  on 
each  other,  each  of  them  will  evaporate  and  form  a  vapor  of  the 
same  tension  and  density  as  if  the  space  were  a  perfect  vacuum. 
At  least  this  is  true  theoretically,  and  it  would  probably  be  trae 
practically  could  we  enclose  the  vapor  within  walls  formed  by  the 
volatile  liquids  themselves.  But  in  the  glass  vessels  with  which 
we  are  obliged  to  experiment,  the  result,  as  above  stated,  is  not 
perfectly  realized.  This  is  apparently  owing  to  an  adhesive  action 
of  the  glass,  by  which  the  tension  of  the  vapor  is  reduced  below 
the  maximum  tension  for  the  temperature.  This  subject  has 
been  carefully  examined  by  Regnault,  and  we  would  refer  to 
his  memoir*  for  further  details. 

The  principles  of  this  section  may  be  summed  up  in  the  two 
following  propositions,  first  enunciated  by  Dalton,  and  therefore 
known  as  the  Law  of  Dalton,  The  last  proposition,  howcTcr,  is 
only  a  necessary  consequence  of  the  first. 

1.  The  tension  and  the  amount  of  the  vapor  which  wilt  satu- 
rate a  friven  space  at  a  given  temperature  are  the  samr,  whether 
the  space  be  completely  empty  or  filled  with  gas, 

2.  The  elastic  force  of  a  mixture  of  gas  and  vapor  is  equal  to 
the  sum  of  the  tensions  which  each  would  have  separately. 

This  law  may  be  illustrated  by  means  of  the  apparatus  repre- 
sentoil  in  Fig.  445.  It  consists  of  a  glass  tube,  A^  closed  at  both 
ends  by  the  iron  stopcocks  b  and  d.  The  lower  stopcock  is  pro- 
vidoil  with  a  side  tubulature,  into  which  the  tube  B  is  cemented, 
and  a  graduated  scale  placed  between  the  tubes  serves  to  meas- 
un^  the  relative  heights  of  the  columns  of  mercury  they  con- 
tain. In  using  this  apparatus,  the  tube  A  is,  in  the  first  place, 
about  half  filled  with  dry  air,  or  any  other  gas  from  the  globe  M^ 
which  can  In?  screwed  on  to  the  stopcock  b  in  place  of  the  tunnel 
C,  The  tuiuiel  C  is  provided  with  a  stopcock  of  a  peculiar 
ciMistruction.     The  plug  of  the  cock,  represented  at  n,  is  not 


•  Comptes  BenduB,  Tom.  XXXIX.  p.  345. 


!d,  as  usual,  completely  through,  but  lias  simply  a  small 
'  on  one  side.  Having  now  adjusted  the  quantity  of  mer- 
in  the  apparatus  so  that  it  shall 

at  the  same  height  in  both  tubes, 
laviiig  poured  a  quantity  of  liquid 
tlie  tunnel,  we  open  the  cock  b 
turn  the  plug  of  the  cock  a  so 

the   liquid    may   be    introduced 

by  drop  into  the  tube  A.  The 
ned  gas  becomes  thus  saturated 

vapor,  and,  expanding,  dopress- 

ic    mercury-column.      We    then 

re  the  original  volume  by  pour- 

nercury  into  the  tul>e  B.      The 

on   of   the   mixture  of  gas   and 

r  is  now  evidently  equal  to  the 

Tire  of  the  air  plus  the  pressure 

e  mercury-column  Bo,  thus  prov- 

:hat  the  tension  of  the  confined 

las  been  increased  by  the  tension 

le  vapor.     By   referring   to   the 

s,  it  will  be  found  that  the  in- 

ie  of  tension  is  exactly  equal  to 

maximum   tension   of  tlie   same  _ 

r  in  a  vacuum,  when  exposed  to  ng.4«. 

ame  temperature. 

13.)  Hygrometers.  —  Every  cubic  metre  of  the  atmosphere 

nmediate  contact  with  tlie  earth  is,  in  all  respects,  similarly 

,ted  towards  the  ponds  and  rivers  of  the  globe  as  is  the  air 

le  cubic  vessel  towards  the  water  it  contains.     Every  cubic 

e  of  the  atmosphere  is  capable  of  holding,  for  any  tempera- 

.  the  same  amount  of  aqueous  vapor,  and  vapor  of  the  same 

on,  as  the  vessel ;  moreover,  water  will  continue  to  evaporate 

the  atmosphere  until  the  vapor  has  acquired  the  tension 
specific  gravity  which  correspond  to  the  temperature.  There 
tlierefore,  around  the  globe,  as  in  the  cubic  vessel,  two  at- 
)here8,  one  of  air  and  the  other  of  vapor.  When  the  air 
taken  up  all  the  vapor  wliich  it  is  capable  of  holding  at 
temperature,  it  is  said  to  be  saturated  or  moist ;  when  less, 
said  to  be  dry.     In  tlie  last  case,  it  is  capable  of  absorbing 
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more  water,  and  of  course  dries  up  the  moisture  from  sidh 
stances  with  which  it  may  be  in  contact.  Thus,  if  the  tempN>- 
ature  is  20^,  tlic  air  is  saturated  with  vapor  when  it  0(m- 
tains  in  every  cubic  metre  17.157  grammes  (see  table  on  page 
571)  ;  if  it  contained  only  12.746  grammes  it  would  be  diy, 
since  then  every  cubic  metre  of  air  could  absorb  4.411  grammes 
more.  But  if  the  temperature  falls  to  15**,  then  by  the  taW« 
12.746  grammes  will  completely  saturate  each  cubic  metre ;  sc 
that  a  cubic  metre  of  air  containing  12.746  grammes  of  vapoi 
is  saturated  when  the  temperature  is  15°,  although  dry  wbai 
it  is  20^ 

The  moisture  of  the  atmosphere  at  any  temperature  depends^ 
then,  not  simply  on  the  amount  of  vapor  which  it  contains,  but 
on  the  proportion  which  this  amount  bears  to  the  whole  quantit; 
whicli  it  could  possibly  contain  at  the  given  temperature.  The 
fraction  which  is  obtained  by  dividing  the  actual  weight  of  vapoi 
in  a  cubic  metre  of  the  atmosphere  by  the  weight  which  it  would 
contain  were  it  completely  saturated  with  aqueous  vapor,  is  called 
the  relative  humidity.  It  follows  from  Mariotte's  law,  that  the 
weights  of  two  masses  of  vapor  occupying  equal  volumes  are  to 
eacli  other  as  their  tensions,  PT:  pr'=  ijo  •  ^'o  >  hence  the  rela- 
tive humidity  may  also  be  obtained  by  dividing  the  tension  of  the 
vapor  actually  contained  in  the  air  by  the  tension  the  vapor  would 
have  if  the  atmosphere  were  saturated,  that  is,  by  the  maximum 
tension  for  the  temperature,  as  given  in  Table  X.  In  order  to 
find,  tlien,  the  relative  humidity  of  the  atmosphere  at  any  given 
time,  we  in  the  first  place  observe  its  temperature;  and  in  tlie 
second  })lace,  we  ascertain  by  experiment  the  tension  of  the  vapor 
which  it  actually  contains.  Tiie  tension  is  found  m  the  following 
manner. 

If  we  cool  down  a  cubic  metre  of  the  atmosphere,  we  shall 
come,  sooner  or  later,  to  a  temperature  at  which  the  tension  of 
the  vapor  is  at  its  maximum.  Thus,  for  example,  if  the  tempe^ 
ature  of  the  atmosphere  is  20%  and  the  tension  of  the  vaix)r  it 
iMHitains,  and  which  we  wish  to  find,  is  1.2699  cm.,  we  shall, bj 
ooling  one  cubic  metre  to  15%  reach  a  temperature  at  which 
l.-'>09  c  m.  is  the  maximum  tension,  and  consequently  a  tem- 
perature at  which  the  air  will  be  saturated  by  the  vapor  contained 
in  it.  If  now  we  cool  it  below  this  point,  a  portion  of  the  vapor 
will  be  deposited  in  the  form  of  mist  or  dew.     The  temperature. 
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then,  at  which  dew  would  be  deposited,  were  the  atmosphere 
cooled  down,  is  the  temperature  at  which  the  tension  of  the  vapor 
oomtained  in  it  would  be  at  its  maximum.     This  temperature 
is  technically  termed  the  dew-point.     It  can  easily  be  obserred  in 
thQ  following  way.     Take  a  brightly  polished  silver  cup  and  fill 
it  with  water.     Place  in  it  a  sensitive  thermometer,  which  will 
iadicate  promptly  any  changes  of  temperature,  and  then  add 
ice  in  small  pieces,  waiting  until  one  piece  is  melted  before  add« 
ing  another,  and  constantly  stirring  the  water  with  the  thermom- 
eter in   order  to  render  the  temperature  uniform  throughout 
the  mass.     The  silver  cup,  as  it  is  thus  slowly  cooled,  will  cool 
in  its  turn  the  thin  layer  of  air  which  immediately  surrounds  it, 
a&d  sooner  or  later  this  air  will  be  reduced  to  the  temperature  at 
which  the  vapor  it  contains  completely  saturates  it.     At  that  mo- 
ment the  polished  surface  of  the  cup  will  be  dimmed  by  a  depo- 
sition of  dew.     Note  carefully  the  temperature  at  which  this  first 
takes  place  ;  and  then  allow  the  cup  to  warm,  and  note  carefully 
I  the  temperature  at  which  the  dimness  disappears.    The  two  tem- 
peratures should  very  nearly  correspond,  and  the  mean  may  be 
tiken  as  the  dew-point.    Having  found  the  dew-point,  we  can  easily 
ascertain  the  relative  humidity  of  the  air  by  means  of  the  table 
of  tensions.     Opposite  to  the  dew-point  we  find  the  actual  tension 
of  the  vapor  in  the  atmosphere.     Opposite  to  the  temperature  of 
Qie  air  at  the  time  of  the  experiment,  we  find  the  maximum 
fcension  which  the  vapor  could  attain ;  and  since,  as  we  have 
ieen,  the  weight  of  vapor  is  proportional  to  the  tension,  wo  can 
:ibtain  at  once  the  relative  humidity  by  dividing  the  first  by  the 
last.     To  illustrate  this  by  an  example :  — 

The  temperature  of  the  air  is  20**  ^  The  dew-point,  found  as 
rust  described,  is  15**.  What  is  the  relative  humidity?  Tlie 
QottziHium  tension  of  vapor  at  the  dew-point  is  12.699  m.  m.,  and 
this  is  the  actual  tension  of  the  vapor  in  the  atmosphere*  The 
QHudmum  tension  of  vapor  at  20**  is  17.391  m.  m.,  and  this  is  the 
leiiflion  which  the  vapor  would  have  were  the  atmosphere  satu- 
nled.  J?^  =  .73  is,  then,  the  relative  humidity.  The  atr 
BMMpbere,  therefore,  contains  73  per  cent  of  the  whole  amount 
it  ooold  possibly  contain  at  20^  From  the  relative  humidity,  it 
Is  easy  to  calculate  the  amount  of  vapor  contained  in  a  cubic 
metre.  By  referrinor  to  the  table,  we  ascertain  the  total  amount 
'Vfaieb  the  cubic  metre  could  contain  at  the  given  temperature ; 
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and  hy  multiplying  this  by  the  fraction  expressing  the  relatii 
humidity,  we  ascertain  the  amount  which  it  actually  contain 
Tims,  in  the  example  just  given,  the  total  amount  of  vapor  whii 
one  cubic  metre  of  air  at  20"  can  coutain  is  17.167  giamnK 
It  actually  cont^ns  only  73  per  cent  of  this  amount,  that  i 
17.167  X  .73  =  12.525  grammes. 

It  appears,  then,  that  the  detennination  of  the  amount  of  vap 
in  the  atmosphere  resolves  itself  practically  into  the  observadt 


of  (r.c  (low-point.  This  can  be  observed  with  sufficient  accuracr 
for  most  purposes,  with  a  thin  silver  cup  and  thermometer,  i 
described  above  ;  btit  where  greater  accuracy  is  required,  the  d 
w.'r\ations  can  be  made  more  rapidly,  as  well  as  with  greater  m 
tainty,  with  the  hygrometer  of  Regiiault,  which  is  represented  i 
Fig.  446.  It  consists  of  two  silver  thimbles  4.5  c.  m.  high  ar 
20  m.  ni,  in  diameter,  made  very  thin,  and  brightly  polished  c 
tlip  outside.  These  thimbles  are  cemented  to  the  bottom  of  t* 
glass  tiil»es  D,  E.  Each  of  these  contain  thermometers  gradi 
MtxX  to  tenths  of  a  degree,  kept  in  place  by  corks.  Througli  tl 
w.>rk  of  the  txibe  D  passes  a  small  tube,  A^  open  at  both  en( 
«ud  extending  to  the  bottom  of  the  silver  thimble.     The  uppt 
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part  of  the  tabe  D  commiinicates,  through  the  lateral  tabulatiire 
•nd  through  the  stem  of  the  support,  with  an  aspirator,  G,  by 
means  of  which  air  can  be  drawn  through  the  apparatus.  The 
tube  £,  which  does  not  communicate  with  the  aspirator,  contains 
\  thermometer  for  obse^^'ing  the  temperature  of  the  air. 

Id  order  to  use  the  apparatus,  the  tube  D  is  half  filled  with 
other ;  then,  on  opening  the  stopcock  of  the  aspirator,  the  water 
which  it  contains  flows  out,  and  the  air  required  to  supply  its 
place  flows  in  at  the  tube  A,  bubbling  up  through  the  ether. 
The  rapid  evaporation  caused  by  this  current  of  air  soon  cools 
the  temperature  of  the  silver  thimble  to  the  dew-point.  At  the 
moment  a  film  of  moisture  appears  on  the  polished  siirface,  the 
temperature  indicated  by  the  thermometer  T  is  carefully  noted, 
as  well  also  as  the  temperature  of  the  air  given  by  the  thermom- 
eter /,  and  we  have  then  the  elements  for  calculating  the  rela- 
tive humidity  of  the  atmosphere.  Sy  careful  manipulation,  tlie 
dew-point  can  be  obsetzred  with  this  instrument  to  one  tentii  of 
a  Centigrade  degree.  The  second  silver  thimble,  on  the  tube 
JS,  serves  not  only  to  protect  the  bulb  of  the  thermometer,  but 
vlso,  by  comparison,  enables  tlie  observer  to  detect  a  slight  trace 
«)f  moisture  on  the  surface  of  the  first,  which  might  otherwise  be 
overlooked. 

The  hygrometer  of  Daniells,  repre- 
sented in  Fig.  447,  is  based  on  the 
same  principle  as  that  of  Regnault, 
l>ut  is  much  less  delicate  in  its  indica- 
iion.  It  consists  of  two  bulbs  con- 
nected by  a  siphon-tul)e,  from  which 
the  air  has  been  expelled  by  hermeti- 
cally sealing  the  instrument  when 
filled  with  ether  vapor.  The  bulb 
A  is  about  half  filled  with  ether, 
and  contains  the  bulb  of  a  small 
thonnoineter.  Moreover,  a  zone  of 
tin  bulb  is  gilt,  and  burnished  so  that 
tiie  deposition  of  the  dew  upon  it  may 
he  eo^y  perceived.    The  other  bulb  Fig.«T. 

i>  covered  with  muslin.     When  an  ob- 

wrvation  is  to  be  made,  the  muslin  is  moistened  with  ether,  which 
b  dropped  very  slowly  from  a  bottle.    The  evaporation  of  the 
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ether  from  ihe  iiiiislm,  bj  eooling  die  bulb  B  and  ecmdeiifliiig  te 
Taper  of  ether  which  it  ooatainsy  causes  a  yeiy  rapid  evapontiDa 
from  the  surface  of  the  liquid  in  the  bulb  A.  By  this  means  As 
gilt  zone  is  soon  cooled  to  the  dew-point,  a  deposition  of  dew  indi- 
cating when  the  point  is  reached.  The  temperature  at  wbioh  the 
dew  is  first  deposited  is  carefully  obsenred  by  meana  of  the  en- 
closed thermometer,  and  also  the  temperature  at  wMdi  it  disap- 
pears when  the  temperature  of  the  bulb  A  is  afterwards  allowed 
to  rise.  The  two  observations  should  not  di£fer  much  from  eadi 
other,  and  their  mean  is  the  dew-point. 

The  relative  humidity  of  the  air  may  also  be  estimated,  tiioa^ 
with  less  accuracy,  from  the  rigidity  with  which  water  evaporatei 
when  exposed  to  it ;  since,  as  is  evident,  the  drier  the  air,  As 
more  rapid  will  be  the .  evaporation.  The  instrument  used  for 
this  purpose  is  called  a  psyckrameter^  or  a  wetrbnlb  kygromekr. 
It  consists  of  two  thermometers,  the  bulb  of  one  of  whidi  is  cov- 
ered with  muslin  and  kept  constantly  moist,  while  the  bulb  of  the 
other  is  dry.  The  last  indicates  the  temperature  of  the  air ;  bat 
the  first  always  indicates  a  lower  temperature,  owing  to  the  latent 
heat  absorbed  by  the  evaporation  of  the  water  finom  the  sur&oe  of 
the  bulb,  except  when  the  air  is  frdly  saturated  with  moistore. 
The  difference  between  the  two  thermometers  will  be  the  greater 
the  more  rapid  the  evaporation,  that  is,  the  greater  the  dryness 
of  the  air.  From  the  temperatures  of  the  two  thermometers  ve 
can  calculate  the  tension  of  the  vapor  in  the  atmosphere  by  moani 
of  the  empirical  formula. 

More  than  ^^,  Leas  thin  -^ 

^—ti—      6io  — i'       ^'     ^       ^— ^  620  — x'    ^' 

i^  =  maximum  tension  of  vapor  at  lowest  temperature. 
T    =  temperature  of  dry-bulb  thermometer. 
t'  =  temperature  of  wet-bulb  thermometer. 
Ho  =  height  of  barometer. 
610  —  t'  =  latent  heat  of  the  vapor  of  water  (compare  800). 

X    ^  tension  of  aqueous  vapor  at  the  time  of  observation.  , 

From  the  value  of  x  the  relative  humidity  can  be  easily  calculated 
by  dividing  by  the  maximum  tension,  as  before  described. 

The  above  are  the  formulae  of  Regnault  as  modified  from  the 
original  formula  of  August.    They  are  in  a  measure  empirical, 
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foonded  ou  theoretical  coiuiderations,  for  which  we  most 

to  the  original  memoir.  The  last  formula,  as  Regoault 
I,  gives  accurate  resulte  when  the  air  is  not  more  than  four 
8  saturated.  Otherwise,  the  first  should  be  used.  For  tern- 
ures  below  freezing,  which  suppose  the  wet  bulb  to  be  cov- 
with  a  film  of  ice,  the  value  610  — i'  must  be  changed  to 
|-  79  —  T  ^  689  —  i',  since  the  amount  of  heat  required  to 
^e  ice  into  vapor  is  gieater  by  79  units  (the  heat  of  fusion) 

that  which  would  be  required  to  change  water  into  vapor 
e  same  temperature  and  tension.  For  the  value  of  J%,  it  is 
■ally  sufficient  to  take  the  mean  barometric  pressure  of  the 

of  observation.  In  the  Meteorological  Tables  prepared  by 
ssor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 
1,  will  be  found  tables  by  which,  from  the  indications  of  the 
irometer,  the  tension  of  vapor  and  relative  humidity  may  be 
tained  by  inspection.  As  the  indications  of  the  psychrometer 
iscovered  by  simple  inspection,  it  would  entirely  supersede 
ther  hygrometers  were  the  formula  by  which  the  teaeioQ  of 
■  is  deduced  from  the  observed  data  fterfectly  trustworthy. 

are  sufficiently  so  for  the  purposes  of  meteorology,  but 
ts  obtained  with  Regnault's  hygrometer  are  in  all  < 


11  a  third  class  of  hygrometers  is  based 
the  fact  that  many  solids  swell  ou  imbibing 
ure,  and  contract  again  on  drying.  This  is 
ise  with  most  dry  organic  substances,  such 
lalcbone,  wood,  parchment,  and  hair.  The 
)raeter  of  Deluc  consists  of  a  very  thin  piece 
lalcbone,  which,  in  expanding  and  contract- 
moves  an  index ;  and  a  variety  of  toys,  in 
1  a  change  in  the  degree  of  humidity  of  the 
shown  by  the  motion  of  a  pasteboard  figure, 
nadc  oil  the  same  principle.  But  the  only 
vortliy  or  even  approsimatively  accurate 
tmeter  of  this  class  is  the  hair  hygrometer  of 
iure,  as  modified  by  Rcgnault.  It  is  rep- 
ted  in  Fig.  448,  and  consists  essentially  of  a 
,n  hair,  c,  previously  freed  from  fat  by  being 
d  in  ether,  and  so  fixed  in  a  copper  frame  that  its  expansion 
ontraction  will  move  a  needle  over  a  graduated  arc.    Each 
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instrument  is  graduated  experimentally  by  placing  it  in 
fined  space  kept  in  a  kuown  state  of  humidity  by  the  { 
of  sulphuric  acid  of  diflferent  degrees  of  strength.  Un 
other  hygrometers,  this  instrument  gives  at  once  the 
humidity  of  the  air,  and  its  indications  are  independen 
temperature.  Unfortunately,  however,  it  is  liable  to  va 
and  must  be  adjusted  from  time  to  time  by  means  of  t 
tions  employed  in  gi^aduating  it. 

Tlie  last,  but  the  most  ^curate,  method  of  determii 
amount  of  vapor  in  the  air,  consists  in  drawing  througl 
containing  chloride  of  calcium,  or  some  otlier  powerful 
ent,  a  measured  volume  of  air,  by  means  of  an  aspirate 
increased  weight  of  the  tube  will  give  at  once  the  weight 
contained  in  the  known  volume  of  air.  This  proceie  : 
too  complicated,  liowever,  to  admit  of  general  applicati 
it  may  be  used  to  advantage  where  great  accuracy  is  reqi 
in  verifjring  the  results  of  the  other  more  expeditious  me 
(314.)  Drying  Apparatus.  —  It  is  frequently  necessai 
practice  of  chemistr/  to  remove  from  a  solid  body  the  i 
adhering  to  its  surface,  or  otherwise  mechanically  united 
This  is,  generally,  readily  accomplished  by  exposing  the 
dry  air,  into  which  the  moisture  evaporates.  If  the  » 
bear  the  temperature  of  100°  without  undergoing  change. 

use  the  drying  oven  already  described 
but  if  not,  we  eflfect  the  same  object 
ordinary  temperature  by  placing  the  S( 
der  a  bell-glass,  over  a  dish  containing 
trated  sulphuric  acid.  In  this  case  th 
ity  of  the  evaporation  is  greatly  ace 
by  exliausting  the  air.  The  arrangem< 
resented  in  Fig.  449  may  be  used 
purpose,  and  also  for  concentrating  s< 
of  chemical  compounds  which  would  be 
FiR.  449.  by  a  liigh  temperature.      In  drying  g< 

a  large  scale  in  the  arts,  it  is  in 
to  keep  in  mind  two  facts  :  first,  that  the  capacity  of 
holding  moisture  increases  very  rapidly  with  the  temp( 
and,  secondly,  that  a  very  considerable  time  must  elapse 

♦  For  a  full  account  of  the  methods  of  hyprometnr  as  revised  by  Hejmai 
'•  Ktutlcs  sur  I'Hygrometrie,"  Annalcs  de  Chimie  et  de  Physique,  S«  Se'rie,  ^ 
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the  air  is  saturated,  —  the  longer,  the  lower  the  temperature. 
An  advantage  is  therefore  gaijied  by  keeping  the  air  in  the  drying 
chamber  at  as  high  a  temperature  as  is  compatible  with  the  cir- 
cumstances, and  preventing  it  from  escaping  until  it  is  absolutely 
saturated  with  humidity.  In  no  case,  however,  can  water  be 
evaporated  by  heated  air  in  a  drying  stove  as  economically  as 
in  a  close  boiler. 


ORIGIN   OF   HEAT. 

(816.)  Sources  of  Heat,  —  The  sun's  rays  are  the  great  source 
of  heat  on  the  surface  of  the  globe.  The  amount  of  heat  which 
thus  enters  the  earth's  atmosphere  from  the  sun  during  a  year 
has  been  estimated  by  Pouillet  to  be  equal  on  an  average  to 
281,675  units  for  every  square  centimetre  of  the  earth's  surface. 
In  order  to  give  an  idea  of  this  quantity,  Pouillet  states  that  it 
would  be  sufficient  to  melt  a  layer  of  ice  enveloping  the  earth 
80.89  metres  thick.  Of  this  amount,  however,  the  surface  of  the 
earth  only  receives  about  two  thirds,  the  rest  being  absorbed  by 
the  atmosphere.  Besides  the  heat  which  it  is  constantly  receiv- 
ing from  the  sun,  the  earth  has  also  a  great  store  of  heat  within 
its  own  mass,  called  the  central  heai.  It  has  already  been  stated, 
that  the  spheroidal  figure  of  the  earth  is  probably  owing  to  the 
&ct,  that  the  globe  was  once  a  fluid  mass  ;  and  we  have  reason 
to  believe  that  it  is  so  now,  with  the  exception  of  a  comparatively 
thin  crust  on  the  surface.  From  observations  made  in  mines 
and  Artesian  wells,  we  find  that  the  temperature  of  the  crust 
rapidly  increases  as  we  descend  from  the  surface  of  the  earth. 
The  rate  of  increase  varies  in  different  places,  but  may  be  stated, 
on  an  average,  to  be  about  one  degree  for  every  30  or  40  metres. 
At  this  rate  of  increase,  assumed  to  be  the  same  at  all  depths, 
the  temperature  of  the  crust  at  the  depth  of  about  2,700  metres 
must  be  that  of  boiling  water,  and  at  a  depth  of  35  kilometres 
that  of  melting  iron,  while  at  70  kilometres  all  known  mineral 
substances  would  be  in  complete  fusion.  It  is  probable,  there- 
fore, that  the  thickness  of  the  crust  of  the  earth  is  not  greater 
than  T^TF  of  its  radius,  and  might  be  -represented  by  a  sheet  of 
pasteboard  on  a  large  artificial  globe.  Nevertheless,  the  conduct- 
ing power  of  the  crust  is  so  slight,  that  the  effect  of  the  central 
heat  is  hardly  felt  on  the  surface ;  and  Fourier  has  calculated 
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that  it  does  not  elevate  the  mean  temperature  of  &e 
more  than  ^^  of  a  degree. 

Besides  these  constant  sources  of  heat,  there  are  man 
which  are  more  or  less  accidenttd  and  intermittent.  In 
any  motion  of  the  molecules  of  a  body,  whether  it  acco 
a  chemical  or  a  physical  change,  is  attended  either  by  a 
tion  or  by  an  absorption  of  heat ;  but  in  almost  every  < 
heat  thus  evolved  may  be  traced  back,  either  directly 
rectlv,  to  the  sun.  The  accidental  sources  of  heat  ma^ 
vidcd  into  two  classes,  the  physical  and  the  chemical: 

(316.)  Physical  Sources.  —  Of  the  physical  sources 
the  most  important  is  friction.  Count  Rumford  srucc< 
boiling  water  by  the  friction  from  boring  a  cannon,  and 
ratus  has  been  invented  in  France  for  generating  steam  b 
of  heat  produced  in  a  similar  way.  It  has  already  beei 
(238)  that  there  is  an  exact  equivalence  between  the  hej 
ated  by  friction  and  the  mechanical  power  used  in  pi 
it ;  and  it  is  possible  that,  where  motive  power  is  abund 
fuel  expensive,  such  a  machine  might  be  used  to  advanta 

Another  physical  source  of  heat  is  percussion,  as  is  ill 
by  the  common  flint-lock,  and  by  a  number  of  famili 
For  example,  a  small  bar  of  iron  may  be  heated  to  redne 
anvil  by  blows  of  the  hammer  actively  applied,  and  a  bai 
may  even  be  melted  in  this  way.  In  like  manner  all 
when  rolled  out  into  plates,  drawn  into  wire,  or  submittc< 
other  mechanical  process  by  which  tlie  relative  position 
molecules  is  changed,  become  more  or  less  heated.  T 
evolved  in  all  these  cases  appears  to  be  due  to  an  internal 
between  the  particles  of  the  solid,  so  that  this  source  of  h 
not  differ  essentially  from  the  last. 

A  third  source  of  heat  is  mechanical  condensation, 
diminiisli  the  volume  of  a  body  by  mechanical  means,  its  t 
ture  is  at  once  raised,  and  an  amount  of  heat  is  evolved 
probably  in  all  cases  equal  to  that  which  would  be  require 
pand  the  body  by  an  equivalent  amount  (compare  237). 
both  solids  and  liquids  are  but  slightly  compressible,  w< 
produce  with  them  any  very  marked  calorific  effects  by  c( 
tion.  It  is  different  with  gases.  They  are  very  compressi 
their  temperature  can  be  greatly  raised  by  sudden  conde 
Tliis  is  illustrated  by  the  Jtre-si/rin^e  (Fig.  450).     It  cons 
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cylinder  of  glass,  and  of  a  piston,  which  closes  it  hermetioallj 
and  by  which  the  air  it  contains  may  be  condensed.  On  pusliing 
in  the  piston  with  a  quick  and  forcible 
motion,  tlie  heat  evolved  by  the  condensar 
tion  of  the  air  raises  the  temperature  suffi- 
ciently to  inflame  a  piece  of  tinder,  which 
18  placed  in  a  cavity  provided  for  the  pur- 
pose on  the  under  side  of  \he  piston.  This 
requires  a  temperature  of  at  least  800**. 
A  bright  light  is  noticed  in  the  cylinder 
at  the  moment  of  the  maximum  condensa- 
tion, caused  by  the  burning  of  a  portion 
of  the  oil  with  which  the  piston  is  lubri- 
cated. 

The  only  other  mechanical  sources  of 
heat  usually  enumerated  in  this  connec- 
tion are  the  absorption  of  gases  or  liquids 
by  porous  solids,  the  change  of  the  state 
of  aggregation  of  a  substance,  and  elec- 
tricity. The  first  of  these  is  probably 
identical  with  the  one  last  considered, 
the  heat  in  every  case  originating  from 
condensation  caused  by  the  adhesion  of 
the  liquid  or  gas  to  the  surface  of  the  solid ;  the  second  has 
already  (277  and  299)  been  studied  at  length,  and  the  last  will 
bo  considered  in  another  portion  of  the  work. 

(317.)  Chemical  Sources.' —  All  chemical  combination  is  at^ 
tended  with  the  evolution  of  heat ;  indeed,  this  is  the  chief  source 
of  artificial  heat  on  the  surface  of  the  glol>e.  When  the  combina- 
tion takes  place  slowly,  as  when  iron  rusts  in  the  air,  the  heat  is 
dissipated  as  fast  as  it  is  evolved,  and  does  not  elevate  sensibly 
the  temperature  of  the  combining  substances ;  but  when  the 
combination  is  rapid,  the  heat  accumulates  in  the  bodies  and  pro- 
duces the  phenomena  of  combustion.  Combustion  is,  therefore, 
nmply  a  process  of  chemical  combination,  in  which  heat  is  evolved 
so  much  more  rapidly  than  it  is  conveyed  away  through  the  usual 
channels,  tliat  the  temperature  of  the  substances  is  retained  above 
the  point  of  ignition.  All  combustion  with  which  we  are  generally 
fiuniliar  consists  in  the  chemical  combination  of  the  burning  sub- 
stance with  the  oxygen  of  the  air  ;  but  we  may  have  phenomena 
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of  intense  ignition  without  oxygen,  as  when  antimooj  is  droppe 
in  powder  into  a  jar  of  chlorine,  or  when  phosphorus  is  mixe 
'with  iodine.  The  quantity  of  heat  evolved  during  chemkai  eon 
biiiation  varies  very  greatly  with  the  nature  of  the  subsisiioc 
employed ;  but  it  is  always  constant  for  the  same  substances,  aa 
is  exactly  proportional  to.  the  weight  of  each  which  is  used  i 
forming  the  compound.  Thus,  for  example,  from  one  kflogramin 
of  the  following  substances  there  is  always  evolved  the  amount  < 
boat  indicated  in  the  following  table  when  they  combine  vit 
oxygen,  or,  in  other  words,  when  they  burn. 


Units  of  Heat. 

V^m^tUm 

Hydrogen, 

.     34,462 

Oil  of  Turpentine, 

.  IO,6(J2 

Marsh  Ga», 

13,063 

Ether, 

9itr7 

Olf  tiant  Gas,  . 

.     11,858 

Alcohol, 

.    7JW 

Beeswax,     . 

10,496 

Wood  Charcoal,   . 

aoeo 

Spermaceti,     . 

.     10,342 

Gas  Coke, 

.    8,047 

Sleario  Acid,   . 

9,716 

Native  Sulphur,  . 

2^1 

It  has,  moreover,  been  proved  that  the  amount  of  heat  evcjTW 
during  chemical  combination  is  precisely  the  same  whether  tb 
union  be  rapid  or  slow,  and  also  whether  the  compound  be  forme< 
at  once  by  direct  combination  or  by  several  successive  processes 
Km  all  those  subjects  can  be  discussed  to  much  greater  advau 
tAg\*  after  the  student  is  familiar  with  the  laws  of  chemical  com 
binatioa ;  we  shall,  tlierefore,  defer  the  further  consideration  o 
ihom  until  then.  The  same  is  true,  also,  of  the  beat  evokd 
bv  the  prxvosi^es  of  animal  life  ;  for  this  is  probably  due  to  a  <lo« 
o\»nil»ustiv>ti  which  takes  place  in  the  animal  body  under  the  influ- 
luuv  v^t*  Nitulitv. 


PROPAGATION   OF   HEAT. 

i^r*lS.^  Heal  may  be  transmitted  from  one  body  to  another 
thixnuh  s|Kuv,  a^  it  is  transmitted  from  the  sun  to  the  earth,  oi 
it  mav  Iv  iH>iunuinieatiHi  from  particle  to  particle  by  direct  coit 
tnet*  as  when  a  Uar  of  iron  is  heated  by  placing  one  end  in  coutad 
with  ictiitiHl  oi^iUs,  The  first  of  these  methods  is  called  radiation 
the  siHvnd  cominetioH,  It  is  probable,  however,  that  conductioi 
is  only  a  form  of  nuliation,  the  heat  being,  in  all  cases,  radial 
from  particle  to  |viirtiele  through  the  intervening  spaces,  whicli 
may  bo  excetHlingly  large  as  compared  with  the  size  of  tlie  par 
ticles  themselves  (75). 


HEAT.  651 

(319.)  Radiation.  —  When  we  stand  in  the  bright  sunshine 
r  before  a  blazing  fire,  and  feel  the  effect  of  the  rays  of  heat 
npinging  on  our  bodies,  we  are  led  to  perceive  that  heat  is  emit- 
yd  firom  the  siirfaces  of  hot  bodies,  and  that  it  has  the  power  of 
raversing  space  and  transparent  media  like  the  atmosphere, 
tut  it  is  also  probable  that  rays  of  heat  are  emitted  from  the 
urEBLceQ  of  all  bodies  and  at  all  temperatures,  however  low, 
lie  only  difference  between  hot  and  cold  bodies  being  that  the 
rst  radiate  more  heat  tlian  the  last.  In  a  room  where  there  is  a 
ondition  of  thermal  equilibrium,  each  object  receives  as  much 
eat  as  it  radiates,  and  therefore  retains  its  own  temperature.  K 
ae  object,  however,  becomes  warmer  than  the  rest,  —  the  stove, 
)r  example, — then  it  radiates  more  heat  than  it  receives,  until  the 
^uilibrium  is  again  established.  This  theory  explains  the  appar- 
at  radiation  of  cold,  which  we  feel  when  standing  before  a  large 
lass  of  ice.  It  is  not  that  the  ice  radiates  cold,  since  it  actually 
idiates  heat.;  but  as  the  body  receives  from  the  ice  less  heat 
lan  it  radiates  towards  it,  we  feel  a  sensation  of  cold. 

The  phenomena  of  radiant  heat  are  in  all  respects  similar  to 
lose  of  light,  and,  as  is  well  known,  the  rays  of  both  agents  are 
nind  mixed  together  in  the  sunbeam  and  in  the  emanations  from 
lost  luminous  objects.  Like  light,  radiant  heat  is  transmitted 
ith  an  incredible  velocity  in  straight  lines,  and  its  intensity 
iminishes  as  the  square  of  the  distance  from  the  source.  If  the 
ays  of  heat  fall  on  a  polished  surface  they  are  reflected,  and  the 
ngle  of  reflection  is  always  equal  to  the  angle  of  incidence.  If 
liey  enter  a  transparent  medium  they  are  refracted,  and  for  the 
ame  substance  the  sine  of  the  angle  of  refraction  always  bears  a 
onstant  ratio  to  the  sine  of  the  angle  of  incidence.  If  they  are 
lassed  through  a  prism  of  rock  salt,  they  are  divided  into  rays  of 
iifferent  rcfrangibility,  which  stand  to  each  other  in  the  same  rela- 
ion  as  the  different  colors  of  the  solar  spectrum ;  and,  lastly,  wlien 
eflected  or  refracted  at  a  certain  angle  by  different  substances, 
he  heat  rays  become  polarized  and  present  properties  similar  to 
hose  of  polarized  light.  But  yet,  although  the  thermal  rays  thus 
losely  resemble  the  rays  of  light,  there  are  essential  differences 
letween  the  two.  It  does  not  follow,  because  a  medium  transmits 
ight  unchanged,  that  it  will  transmit  heat  with  equal  readiness  ; 
bus,  for  example,  a  crystal  of  alum,  even  if  perfectly  transpar- 
ent to  light,  is  almost  opaque  to  heat ;  and,  on  the  other  hand, 
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a  crystal  of  Binokj  qmartZy  which  will  hardly  trannnit  a  Ttyoi 
light,  is  quite  transparent  to  heat.  Most  solid  and  liquid  mefift 
which  are  transparent  and  colorless  as  r^;ards  light,  act  <m  &e 
rays  of  heat  in  the  same  way  that  colored  glasses  act  on  lig^; 
transmitting  rays  of  certain  d^rees  of  refirangibility,  but  not 
others.  Thus,  for  example,  a  pane  of  colorless  glass  will  tnn^ 
mit  nearly  all  the  rays  of  heat  from  the  sun,  while  it  will  inter 
cept  the  greater  part  of  those  from  a  coal  fire,  and  absolutely  ill 
the  rays  which  radiate  from  a  steam-pipe  heated  to  100* ;  and  the 
same  is  true  to  a  still  greater  degree  of  water.  The  only  sub- 
stance which  is  perfectly  transparent  to  rays  of  heat  from  evoy 
source  is  rock-salt,  and  this  can  be  used  in  experiments  on  best 
In  the  same  way  that  glass  is  used  in  optical  experiments.  The 
phenomena  of  radiant  heat  are  best  explained  by  the  undulttny 
theory,  which  assumes  that  they  are  caused  by  undulations  m  tn 
imponderable  medium  filling  all  space ;  and  they  cannot  be  pro^ 
itably  studied  until  the  student  is  acquainted  with  the  mechsnidi 
theory  of  light.  We  shall,  therefore,  notice  in  this  conneetion 
only  a  few  familiar  facts  connected  with  the  subject. 

The  unequal  power  which  different  bodies  possess  of  radiating 
heat  appears  to  depend  on  the  condition  of  flie  surface,  and  not 
on  the  nature  of  the  substance  of  which  the  body  consists.  As  a 
general  rule,  the  greater  the  density  of  the  substance  at  the  siu^ 
face,  the  less  is  the  radiating  power  of  the  body.  Thus,  the  bar- 
nishcd  surfaces  of  the  metals  are  the  poorest  radiators,  while  the 
surfaces  of  paper  and  similar  loose  materials  are  the  best.  The 
very  best  radiator  of  all  is  a  surface  covered  with  lampblack.  If 
we  represent  the  radiating  power  of  such  a  surface  by  100,  that 
of  a  silver  surface,  hammered  and  well  burnished,  will  be  only  3. 
Those  surfaces  which  radiate  heat  the  best  also  absorb  it  the  most 
readily,  and  it  has  been  proved  that  the  absorbing  power  of  a  sii> 
face  is  equal  to  the  radiating  power,  if  the  difference  between  tki 
temperature  of  the  radiating  and  absorbing'  surfaces  is  not  great. 
On  the  other  hand,  the  power  which  a  surface  possesses  of  reflect- 
ing heat  is  always  in  the  inverse  ratio  of  its  power  of  absorption; 
that  is,  the  best  absorbents  are  the  poorest  reflectors,  and  flie 
reverse.  Hence  heat  is  best  reflected  by  surfaces  of  metals  which 
have  been  hammered  and  polished ;  but  so  entirely  does  the 
power  of  reflecting  or  absorbing  heat  reside  in  the  surface,  that 
a  sheet  of  gilt  paper  answers  the  purpose  of  a  reflector  nearly  as 
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well  as  a  mass  of  solid  gold.  The  power  which  a  surface  has  of 
absorbing  heat  varies  with  the  nature  of  the  source  from  which  it 
emanates,  while  its  radiating  power  remains  constant ;  the  two  are 
equal  only  under  the  condition  above  stated.  Hence  it  is  not  sin- 
gular that,  while  the  radiating  power  of  any  surface  is  unaffected 
by  its  color,  the  readiness  with  which  bodies  absorb  the  heat  q^ 
the  sun  depends,  in  great  measure  at  least,  if  not  entirely,  upon  it. 
This  last  fact  was  noticed  by  Dr.  Franklin.  He  placed  pieces  of 
the  same  kind  of  cloth,  but  of  different  colors,  on  the  snow,  where 
they  were  equally  exposed  to  the  direct  rays  of  the  sun.  The 
Uack  cloth  absorbed  the  most  heat  and  sunk  deepest  into  the 
aaow,  while  the  white  clotli  produced  but  little  effect.  The  other 
colored  cloths  produced  intermediate  effects ;  and  they  may  be 
arranged  according  to  their  absorbing  powers  as  follows  :  black, 
violet,  indigo,  blue,  green,  red,  yellow,  white. 

Numerous  illustrations  of  the  above  principles  may  be  found  in 
the  familiar  facts  of  every-day  life.  Water  can  be  heated  most 
rapidly  in  a  dull  iron  kettle,  whose  bottom  is  covered  with  soot, 
while  it  can  be  kept  hot  longest  in  a  bright  silver  teapot.  The 
hot  air  from  a  furnace  is  best  conveyed  to  the  different  apartments 
of  a  building  in  tinned  iron  pipes,  which  are  poor  radiators, 
while  the  smoke-pipe  of  a  stove  is  best  made  of  rough  sheet-iron, 
for  the  opposite  reason.  The  melting  of  a  bank  of  snow  is  accel- 
erated by  sprinkling  over  its  surface  coal-dust,  because  its  very 
feeble  power  of  absorption  is  in  that  way  greatly  increased. 
Light-colored  garments  are  preferable  in  summer,  because  they 
do  not  readily  absorb  the  solar^rays  ;  in  winter,  when  the  object 
is  to  retain  the  heat  in  the  body  and  prevent  radiation,  the  color 
i3  unimportant. 

The  phenomenon  of  dew,  first  correctly  explained  by  Dr.  Wells, 
is  another  beautiful  illustration  of  the  principles  of  radiation. 
The  earth  is  constantly  radiating  heat  into  space.  During  the 
daytime  this  loss  is  compensated  by  the  constant  supply  of  heat 
from  the  sun ;  but  as  soon  as  the  sun  sets,  the  supply  ceases, 
while  the  radiation  still  continues.  Consequently,  the  tempera- 
ture of  all  objects  on  the  surface  exposed  to  the  clear  sky  is  rap- 
idly reduced ;  if  their  temperature  falls  below  the  dew-point  (313) 
of  the  atmosphere,  dew  is  deposited  upon  them  as  on  a  glass  of 
iped  water,  or,  if  the  temperature  falls  below  the  freezing-point,  the 
dew  takes  the  form  of  hoar-frost.     On  cloudy  nights,  little  or  no 
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dew  is  dcpuMied,  beemiue  die  cloads  reflect  back  llie  rajs  of  heift 
to  die  earth.  The  same  eflect  is  |Hroduced  hj  the  glass  sashes  or 
strav  mattiiigs  wfaidi  are  used  bjr  gardeners  to  protect  yomig 
pbnlB  from  the  late  frosts  of  spring.  The  dh'ect  rajs  of  the  sun 
leadOr  pass  through  the  glass  during  the  daytime,  but  the  fjttm 
reflects  bade  die  heat  of  less  intensity  which  is  radiated  from  fte 
earth  during  the  night.  On  windy  nights,  also,  litde  or  no  dev 
is  deposited,  because  the  layer  of  air  in  contact  with  die  radiating 
crust  of  the  earth  is  so  frequendy  renewed  that  its  temperature 
does  not  fidl  to  the  dew-point ;  and  for  the  same  reason  dew  is 
more  copiously  deposited  in  a  valley  or  a  sequestered  dell  than  <» 
die  top  of  a  hill ;  and  it  is  in  such  places,  also,  diat  the  eaily 
frosts  of  autunm  are  first  felt  As  we  should  naturally  eipee^ 
we  find  that  in  any  given  jAace  the  dew  is  deposited  most 
c(q)iously  on  the  best  radiators,  which  are,  at  the  same  time, 
the  poorest  conductors ;  thus,  while  dew  is  deposited  in  abun- 
dance on  the  shrubs  and  the  gprass,  which  derive  most  benefit 
from  the  moisture,  it  is  not  wasted  on  die  dry  path  and  road, 
whose  hard,  beaten  surfiices  render  them  poorer  radiators,  while 
at  the  same  time  their  higher  conducting  power  enables  them  to 
'  withdraw  heat  from  the  strata  below,  and  thus  in  part  make  good 
the  loss  which  the  radiation  may  have  caused. 

^^  In  India,  near  the  town  of  Hooghly,  about  forty  miles  from 
Calcutta,  the  principle  of  radiation  is  applied  to  the  artificial 
production  of  ice.  Flat,  shallow  excavations,  from  one  to  two 
feet  deep,  are  loosely  lined  with  rice  straw  or  some  simOar  bad 
conductor  of  heat,  and  upon  tlie  surface  of  this  layer  are  placed 
shallow  pans  of  porous  earthen-ware,  filled  with  water  to  the 
depth  of  one  or  two  inches.  Radiation  rapidly  reduces  the  tem- 
perature below  the  freezing-point,  and  thin  crusts  of  ice  tom^ 
which  are  removed  as  they  are  produced,  and  stowed  away  in 
suitable  ice-houses  until  night,  when  the  ice  is  conveyed  in  boats 
to  Calcutta.  Winter  is  the  ice-making  season,  vis.  from  the  end 
of  November  to  the  middle  of  February."  * 

(320.)  Conduction.  —  That  dense  and  compact  solids  like  the 
metals  are  good  conductors  of  heat,  while  light  and  porous  solids 
like  wood  and  the  various  textile  fabrics  are  poor  conductors, 
is  a  matter  of  common  experience.     The  general  fact  may  be 
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illustrated  by  means  of  the  apparatus 
of  Ii^nhousz,  represented  in  Fig.  451. 
The  different  rods  attached  to  the  front 
of  the  brass  box,  made  of  various  ma- 
terials, are  covered  with  a  thin  layer  of 
wax  ;  and  on  turning  boiling  water  into 
flie  box,  the  wax  melts  on  the  rods,  after 
a  certain  time,  to  unequal  distances, 
depending  on  their  relative  conducting  power. 

If  we  beat  one  end  of  a  metallic  rod  witii  a  lamp,  as  repre- 
nnted  in  Fig.  452,  the  temperature  of  the  different  parts  of  tlie 
rod  will  gradually  increase,  until  a  point  is  reached  at  which  the 
heat  lost  by  radiation  is  equal  to  the  heat  received  from  the  flame 
by  conduction  tlirough  the  bar.     If  now  we  test  the  temperature 


of  the  different  parts  of  the  bar  by  Toeans  of  thermometers  placed 
at  equal  intervals,  say  of  one  decimetre  each,  it  will  be  found  that 
it  very  rapidly  decreases  as  we  go  from  the  source  of  heat ;  and 
if  the  distances  from  the  source  of  heat  increase  in  an  arith- 
metical progression,  tlio  excess  of  the  temperatures  of  the  suc- 
cessiye  sections  of  the  bar  above  the  temperature  of  the  air  will 
be  found  to  diminish  in  a  geometrical  progression.  Moreover,  it 
ia  evident  that  the  rate  of  decrease  will  be  more  rapid  in  propor- 
ti(m  as  the  conducting  power  of  the  bar  is  more  feeble ;  and  we 
can  determine  the  relative  conducting  powers  of  two  bars  by 
measuring  the  distances  from  the  source  of  heat  of  the  sections 
which  have  the  same  temperature,  for  it  can  easily  be  proved 
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that  the  coDdoetiug  pcnren  are  to  eaoh  othw  u  the  Mitians  of 
the«a  difltanoQS.  Experimentiiig  in  this  vmy,  and  using  a  ddioria 
thermo-electrio  pile  for  meamring  the  temperatnree  of  the  dit 
femat  seotioiia  of  the  bare,  Henn.  Wiednuum  and  Fnuis  de- 
tennined  the  relative  condnotiDg  powen  of  varioaB  metalB,  u 
followB:  — 


saver.    .        .        .        .100 
Copper,  .  73.S 

Gold,      ....      08.3 

Tin 14^ 

IroD,       ....      11.9 


Lead.  . 
PlatJoniii, 
Rose's  Bletal, 


ILE 


li 


The  eondaoting  power  of  BtoQOB,  hrick,  and  oflier  earikf 
materials,  is  verj  mnoh  leas  than  that  of  the  metals,  and  Aa 
conducting  power  of  wood  and  other  organic  tissnes  is  so  Teif 
feeble  that  they  are  luually  regarded  as  non-condacton.  It  vaj 
be  assumed  as  a  rule,  although  it  has  many  exceptions,  that  Um 
denser  a  body  the  better  it  oonduots  heat 

Homogeneous  solids  and  crystals  belonging  to  the  regular  sj* 

tem  conduct  heat  equally  in  all  directions ;  but  in  otystUs  not 

belon^ng  to  the  regular  system,  tiie  conduct- 

#iiig  power  Taries  in  the  direction  of  unequil 
axes.  This  fact  is  easily  shown  by  a  simple 
experiment  devised  by  SeuarmonL  He  took 
two  slices  of  a  quartz  crystal  (Rg.  45S),  we 
cut  perpendicular  to  the  vertical  axis,  and  die 

§'^  other  parallel  to  it ;  through  the  centre  of  eadi 

plate  he  drilled  a  small  conical  aperture  fiir 
tlio  reception  of  a  silver  wire,  one  end  of  which, 
heated  in  tiie  flame  of  a  lamp,  served  as  > 
g  central  source  of  heat.  Previously  to  the 
application  of  the  heat,  he  had  covered  the 
slices  of  the  crystal  with  beeswax.  He  found 
that  on  the  first  the  wax  melted  in  the  fona 
of  a  circle  round  the  wire,  showing  thtt 
quartz  conducts  heat  equally  in  ttie  directioa 
He  US.  of  its   equal   and  lateral  axes  ;   but  on  tb( 

second  the  wax  melted  in  the  form  of  an  el- 
lipse, whose  longer  diameter  coincided  with  the  vertical  axii  of 
the  crystal,  which  proved  that  the  conducting  power  is  groster 
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II  this  direction  than  in  the  one  at  right  angles  to  it.  Similar 
acts  are  also  true  of  organized  structures  ;  thus,  wood  conducts 
leat  much  better  in  the  direction  of  its  fibres  than  across  them. 

Count  Rumford  concluded,  from  his  experiments,  that  liquids 
rere  absolutely  non-conductors  ;  but  later  experiments  have 
shown  that  they  do  conduct  heat,  but  only  very  imperfectly.  De- 
ipretz*  experimented  on  a  vertical  column  of  water  contained  in 
i  wooden  cylinder  one  metre  high  and  21.8  c.  m,  in  diameter, 
vhosQ  upper  surface  he  exposed  to  a  constant  source  of  heat. 
}y  means  of  thermometers  passing  through  tubulatures  on  the 
ides  of  the  cylinder,  he  observed  the  temperatures  of  horizontal 
ections  of  the  liquid  at  equal  distances  from  each  other.  At  the 
md  of  32  hours  the  thermometers  were  stationary,  and  the  dif- 
erences  between  the  temperatures  indicated  by  the  successive 
hermometers  and  the  temperature  of  the  air  were  found  to  form 
i  decreasing  geometrical  series,  as  in  a  solid  bar.  This  experi- 
neut  proves  conclusively  that  water  conducts  heat ;  but,  never- 
heless,  the  conducting  power  is  so  feeble,  that  water  may  be 
K>iled  for  many  minutes  at  the  top  of  a  test-tube  without  oc- 
casioning the  slightest  inconvenience  to  the  person  who  holds 
lie  lower  end.  Gases  are  still  poorer  conductors  of  heat  than 
iquids ;  but  yet  they  are  not  absolutely  non-conductors,  and  they 
liflfer  very  greatly  from  each  other  in  this  respect.  This  is 
jTOved  by  the  fact  that  a  hot  body  cools  more  rapidly  in  an  at- 
nosphere  of  hydrogen  than  in  air,  and  also  by  a  similar  fact, 
irst  noticed  by  Grove,  that  a  platinum  wire  can  be  made  to  glow 
iO  air  with  a  feebler  galvanic  current  than  it  can  in  hydrogen. 
Ln  order  to  heat  a  mass  of  liquid  or  gas,  we  always  apply  the 
tieat  to  the  lowest  portion  of  the  containing  vessel ;  then,  as 
already  explained  (268),  currents  are  established  by  which  the 
particles  are  brought  into  actual  contact  with  the  source  of  heat. 
This  process  is  sometimes  distinguished  as  a  third  method  of 
eommunicating  heat,  and  called  convection. 

(821.)  Illustrations.  —  The  laws  of  conduction  furnish  the  ex- 
pbmation  of  many  familiar  facts,  and  receive  many  important 
tpplications  both  in  the  arts  and  in  every-day  life.  Our  sensa- 
tions of  heat  and  cold  are  very  much  infl\ienced  by  the  conduct- 
ing power  of  the  substances  with  which  the  body  comes  in  contact. 


*  Annales  de  Chimie  et  de  Phjsiqae,  3*  S^rie,  Tom.  LXXI. 
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A  hearth,  for  example,  feels  colder  to  the  bare  feet  than  a  wooden 
floor,  and  this,  a^ain,  colder  than  a  woollen  carpet,  even  when  aU 
are  at  the  same  temperature.  The  obvious  explanation  is,  duit 
stone  is  a  better  conductor  than  either  wood  or  wool,  and  there- 
fore removes  the  heat  from  the  body  more  rapidly.  The  body,  if 
properly  protected  by  poor  conductors,  may  be  exposed  with  im- 
punity to  air  heated  to  150°,  while  it  would  be  burnt  by  contaet 
with  a  rod  of  metal  heated  to  only  50°.  The  oven-girls  of  Ge^ 
many,  protected  by  thick  woollen  garments,  enter  without  incon- 
venience ovens  where  all  kinds  of  culinary  operations  are  going 
on,  although  the  touch  of  any  metallic  articles  while  there  would 
surely  burn  thom. 

Water  in  pipes  laid  at  a  slight  depth  under  ground  is  not 
frozen  during  the  severest  winter,  because  the  soil  is  a  poor  con- 
ductor ;  and  iron  safes  are  rendered  fire-proof  by  making  ibem 
with  double  walls,  and  filling  the  intervening  space  with  non- 
conducting materials.  Doors  of  furnaces,  ladles,  and. teapots 
are  provided  with  wooden  handles,  to  protect  the  hand  from  the 
heated  metal ;  and  hot  dishes  are  placed  on  woollen  or  staif 
mats,  which  prevent  the  polished  surface  of  the  table  tcom  being 
scorched.  So  also  vessels  of  glass  or  porcelain  are  heated  on 
a  sand-batli,  and  when  removed  from  the  fire  are  always  rested 
on  some  non-conductor,  as  they  are  liable  to  crack  when  suddenly 
heated  or  cooled. 

The  efficacy  of  clothing  in  preventing  the  escape  of  the  beat 
of  the  body  depends,  not  only  on  the  non-conducting  power  of 
the  material  itself,  but  also  on  that  of  the  air  which  is  imprisoned 
by  it.  Hence  it  is  that  wool,  fur,  and  eider-down,  which  retain 
large  bodies  of  air  within  their  texture,  are  so  well  adapted  to 
protect  the  body  against  the  extreme  cold  of  winter.  The  order 
of  the  conductibility  of  the  different  materials  used  for  clothing 
is  as  follows :  linen,  silk,  cotton,  wool,  furs.  Accordingly,  cotton 
sheets  feel  warmer  than  linen  ones,  and  blankets  warmer  than 
either.  In  summer,  coarse  linen  goods  are  used,  "because  tkj 
allow  the  heat  to  escape  from  the  body  more  readily  than  other 
materials,  while  a  dress  of  fine  and  close  woollen  is  the  best  pro- 
tection from  the  cold  of  winter  except  furs. 

It  is  in  consequence  of  the  non-conducting  property  of  gases, 
that  double  doors  and  windows,  which  include  a  layer  of  air  be- 
tween them,  are  so  useful  in  preventing  the  heat  of  our  houa^ 
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CQ  escaping  outwards  ;  and  the  double  walls  of  ice-houses, 
rigerators,  or  water-coolers,  for  preventing  the  heat  from  en- 
ing.  For  the  same  reason,  snow,  wliich  encloses  large  quanti- 
I  of  air,  prevents  the  escape  of  the  heat  from  the  earth,  and 
its  the  penetration  of  frost.     It  is  a  well-known  fact,  that 

ground  always  freezes  deeper  in  winters  without  snow  than 
en  it  abounds.  But  it  is  unnecessary  to  multiply  these  illus- 
tions  further. 

[822.)  Coefficient  of  Conduction.  —  The  number  of  units  of 
kt  which  pass  in  one  second  through  a  solid  wall  1  m.  m.  thick 
1  having  an  area  of  1  m?,  when  the  difference  between  the 
iperatures  of  the  two  faces  of  the  wall  is  equal  to  l"",  is  called 

coefficient  of  conduction  of  the  substance  of  which  the  wall 
isists.  The  coefficient  of  conduction  of  lead  was  determined 
Peclet  by  means  of  a  very  ingenious  apparatus,*  and  found 
be  3.82.  From  this,  the  coefficients  of  conduction  of  other 
ids  can  be  calculated  when  their  conductibility  as  compared 
,h  lead  is  known.  We  give,  in  the  first  column  of  the  foUow- 
;  table,  the  relative  conductibility  of  several  solids,  as  deter- 
ned  by  Despretz  ;  and  in  the  second  column,  the  coefficients  of 
iduction,  which  have  been  calculated  as  just  described.  The 
nits  of  Despretz,  however,  are  not  probably  as  accurate  as  those 
Wiedmanu  and  Franz,  given  above. 


I. 

11. 

I. 

n. 

Id,  . 

.     100.0 

21.28 

Tin, 

.     30.39 

6.46 

.tinum, . 

98.1 

20.95 

Lead,  . 

17.95 

3.82 

rer,  • 

.       97.3 

20.71 

Marble,  . 

.       2.36 

0.48 

)per, 

89.8 

19.11 

Porcelain,   . 

L22 

0.24 

Q,       •            ■ 

.       37.4 

7.95 

Baked  Qay,   . 

.       1.14 

0.23 

C, 

3G.3 

7.74 

SVTien  the  coefficient  of  conduction  is  known,  we  can  easily 
culate  the  amount  of  heat  in  units  which  will  pass  through  a 
en  metallic  plate  in  a  given  time,  by  means  of  the  following 
mula,  which  for  want  of  space  we  must  assume  without  proof. 


C=K 


[205.] 


this  formula,  K  represents  the  coefficient  of  conduction,  S  the 
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area  of  tlio  plate,  E  its  thickness,  aiid  tj  t'  the  temperatures  ot 
its  two  faces.  It  is  evident  that  the  quantity  of  heat  passing 
through  such  a  metallic  plate  in  a  second  of  time  increases  in 
direct  proportion  with  the  conductibility  of  the  metal,  with  the 
area  of  the  plate,  and  with  the  diflference  of  temperature  between 
its  faces ;  and  it  is  also  evident  that  the  amount  of  heat  dimin- 
ishes in  direct  proportion  to  the  thickness. 

It  has  already  been  stated  (305),  that,  in  making  boilers  for 
evaporating  water  or  other  liquids,  it  is  necessary  to  pay  regard 
to  the  laws  of  conduction  ;  and  it  is  evident  from  tlie  above  for 
mula  that  the  greater  the  conducting  power  of  the  metals,  the 
larger  the  area  of  the  heating  surface,  and  the  thinner  the  boiler- 
plates, the  more  rapid  will  be  the  evaporation.  Hence  the  advan- 
tage of  copper  over  iron  boilers,  and  also  the  reason  that  water 
will  evaporate  so  much  more  rapidly  in  a  silver  dish  than  in 
one  either  of  glass  or  porcelain. 


CHAPTER    V. 


WEIGHING  AND  MEASURING. 


23.)  Recapitulation.  —  Most  methods  of  chemical  investigar 
and  all  processes  of  ^Fuan^t/a/tve  chemical  analysis  involve  the 
rate  determination  of  the  amounts  of  small  masses  of  mat- 
nther  by  measure  or  by  weight.  The  mass  of  a  body,  that 
le  quantity  of  matter  which  it  contains,  is  necessarily  inva- 
e ;  but  its  weight  and  its  volume  are  liable  to  constant  va^ 
>ns,  arising  from  changes  either  of  temperature  or  of  the 
iure  of  the  atmosphere,  and  from  other  causes.  It  has  been 
^eat  object  of  the  present  volume  to  develop  the  principles  on 
h  these  variations  depend,  and  to  study  the  laws  which  they 
We  have  thus  been  led  to  different  methods  by  which  the 
•ved  volumes  and  weights  of  bodies  may  be  reduced  to  cer- 
assumed  standards,  such  as  a  temperature  of  0^  G.  and  a 
lure  of  76  c.  m. ;  and  it  will  be  the  object  of  the  remaining 
ter  of  this  volume  to  illustrate  these  methods  by  a  few 
iples. 

SOLIDS. 

24.)  Weight.  —  The  weight  of  a  solid  is  easily  determined 
leans  of  the  balance.     The  theory  of  this  instrument  has 

already  given  at  length  (73),  and  the  methods  of  using  it 
50  simple  and  obvious  that  they  need  not  be  described  in 
1.*  Were  it  not  for  the  presence  of  the  atmosphere,  the 
ice  would  give  at  once  the  exact  relative  weight  (71)  of  a 
;  but  weighing  the  body,  as  we  must,  immersed  in  the  air, 
difference  of  the  buoyancy  which  the  air  exerts  on  the 
hts  and  on  the  body  may  make  the  apparent  weight  slightly 
•ent  from  the  actual  weight.     We  can  always,  however,  re 

the  observed  weight  to  the  weight  in  vacuo  by  means  of 

or  the  best  methods  of  manipnlating  a  delicate  balance,  and  for  the  precautions 
4  in  nrcnrate  weighing,  the  student  maj  consult  the  standard  work  of  Fresenhis 
ftotitative  Analysis. 
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• 

[91],  when  either  the  rolumes  or  the  specific  gravities  of  boft 

the  weights  aud  the  body  are  known.     For  this  purpose,  the 

height:«  of  the  barometer  and  thermometer  are  observed  at  the 

time  of  weighing*  and  from  these  observed  data  the  weight  of  one 

cubic  centimetre  of  air  (tr),  required  in  making  the  reduction,  is 

easily  calculated  by  [215],  or  obtained  by  inspection  from  Table 

XIV.     In  weighing  either  solids  or  liquids,  however,  the  corrw- 

tion  for  the  buoyancy  of  the  atmosphere  is  at  best  very  small, 

and  may  be  entirely  neglected  except  in  the  Tery  few  cases  where 

the  greatest  refinement  is  required ;  as,  for  examf^e,  in  adjusting 

standard  weights.     For  the  method  to  be  followed  in  such  eans, 

the  student  will  do  well  to  consult  the  admirable  memoir  of 

Professor  Miller*  on  the  restoration  of  tlie  English  standards. 

(Siio.'^   Spfcific  Gravity.  —  The  specific  gravity  of  a  substance 

has  Iven  defined  as  the  ratio  of  its  weight  to  that  of  an  equal 

volume  of  pure  water  at  4**,  the  temperature  at  which  the  volume 

of  the  Si>lid  is  measured  being  0**.     The   general  methods  by 

which   the   specific  gravity  of  solids  is   determined  have  been 

already  described  (144-146),  and  we  have   only   to  consider 

the  methods  by  which   results  obtained   at   other  temperatures 

may  In?  reiluoed  to  the  standard  temperatures. 

In  onlor  to  obtain  the  specific  gravity  of  a  solid,  we  determine, 
in  the  tii>t  place,  the  relative  weight  ( IF)  of  the  body ;  and 
when  von*  irn\U  accuracy  is  required,  the  weight  observed  in  the 
air  mav  Iv  reduced  as  just  described.  We  next  seek,  by  one  of 
the  nictht>ds  of  (^14.">')  and  (146),  the  weight  of  pure  water  (ir) 
disphiccd  by  the  Uxly  when  the  temperature  of  the  water  is  4", 
and  tliat  of  the  solid  0°  :  and,  lastly,  we  calculate  the  specific 
gravity  l»y  dividing  the  first  weight  by  the  last.  Practically, 
the  value  of  H''  is  always  determined  at  some  temperature,  /*, 
higher  than  the  standard  temperatures,  and  the  same  for  both 
solid  and  water  :  and,  l>efore  using  it  in  calculating  the  specific 
gravity,  it  is  necessiiry  to  determine  what  would  be  its  value 
assiuning  that  the  water  was  at  4"*  and  the  solid  at  0**.  In  Table 
XVI.  we  have  given  the  sj>ecific  gravity  of  water  at  diflferent 
tenij)eratun^s  n^fernMl  to  water  at  4®  as  unity.  Representing, 
then,  tlie  s{>ecifie  gravity  at  t°  by  Sy  and  also  the  weight  of  water 
disjJaced    resjK^ctively  at  (°   and   4°  by  Tf>»  and    JV^^  we  shall 
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liftTe,  evidently,  (assuming  that  the  volume  of  the  solid  is  in- 
VBTiable,) 

Tr4o  :  TTio  =  1  :  d,    or     W^o  =  W^  j  .  [206.] 

Bat  the  volume  of  the  solid  is  not  invariable,  and  it  displaces  at 
IT  (the  standard  temperature  for  the  solid)  less  water  than  at  t^. 
Etepresenting  the  volumes  of  the  solid  at  0°  and  ^**  by  Viy  and 

V^  respectively,  we  have,  by  [166],   F^o  =  F|o      \jr}'     Since 

lie  two  weights  of  water  displaced  by  the  solid  when  at  0°  and  t^ 
nust  be  proportional  to  the  volumes  of  the  solid  at  these  tempera- 
ures,  (assuming  now  that  the  temperature  of  the  water  is  invaria- 

Aj  at  4*,)  we  shall  also  have  W^^o :  TFV  =  Vf> :  ■  ig^  •  Hence, 
md  by  [206], 

Saving  thus  obtained  the  weight  of  water  at  4°  displaced  by  the 
BiAid  at  0**,  this  value,  TTV,  is  to  be  used  in  place  of  W'  in  [87]. 
The  last  factor  of  [207]  is  always  very  nearly  unity,  and  can  in 
most  cases  be  neglected  without  appreciable  error.  When  the 
coefficient  of  expansion  is  not  accurately  known,  and  great  accu- 
racy is  required,  the  value  of  K  may  be  eliminated  from  [207] 
by  making  two  determinations  of  the  weight  of  water  displaced 
at  temperatures  differing  as  widely  from  each  other  as  the  cir- 
eumstances  will  permit.  In  very  accurate  determinations  the 
temperature  of  the  water  should  be  observed  to  the  tenth  of  a 
Centigrade  degree ;  and  if  the  value  of  d  is  not  given  in  the 
iBtble  for  the  observed  temperature,  it  can  easily  be  determined  by 
interpolation.     Compare  (289).* 

t  The  most  accarate  method  of  determining  the  specific  gravity  of  a  solid  is  the 
me  with  the  hydrostatic  balance  (146),  which  should  always  be  used  when  the  nature 
flf  ihfb  sabstance  will  admit  of  it.  The  body  is  best  suspended  from  the  pan  of  the 
fealuce  by  a  single  fibre  of  silk,  or  by  a  very  fine  human  hair,  and  the  temperature  of 
<hft  water  observed  by  means  of  a  very  delicate  thermometer,  adjusted  so  that  the 
hilb  may  be  nearly  in  contact  with  the  body,  and  so  that  the  division  may  be  read  by 
^lilesoope  placed  outside  of  the  balance-case.  When  the  solid  is  in  powder,  it  can  be 
itppofted  under  water  in  a  small  glass  cup  suspended  to  the  pan  of  the  balance  by  a 
il^li""*"  wire.  In  this  case,  it  is  necessary  to  weigh,  first,  the  cup  under  water,  im- 
to  a  point  marked  on  the  platinum  wire.    We  then  weigh  the  cup  containing 
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(326.)  Volume.  —  The  volume  of  a  solid  can  rarely  be  deter- 
mined with  accuracy  by  direct  measurement-  It  is  therefore 
generally  calculated  from  the  weight  and  the  specific  gravity  by 
means  of  the  formula  [56].  Several  examples  of  such  calcula- 
tions have  already  been  given  among  the  problems. 


the  powder  immersed  to  the  same  point,  taking  care  that  the  temperatare  is  the  ame 
as  before.  The  difference  between  these  weights  is,  evidentlj,  tlie  weight  of  water  dJB> 
placed  by  the  solid  at  the  observed  temperature,  which  most  be  redaced  to  the  standard 
temperatures  by  [207].  Lastly,  we  wash  the  powder  into  a  tared  beaker-glass,  erapo- 
rate  the  water,  and  determine  the  weight  of  the  solid.  The  only  objection  to  this 
method  of  experimenting  arises  from  the  fact  that  the  resistance  of  the  water  to  the 
motion  of  the  cup  renders  the  balance  less  sensitive  and  prompt  in  its  indications. 

When  the  solid  is  in  powder,  very  accnrate  results  can  be  obtained  with  a  spedfic- 
gravity  bottle  (145).  The  neck  of  the  bottle  should  be  made  with  a  thick  rim,  grtmnd 
square  at  the  top,  and  the  glass  8topi>er  should  be  so  fitted  as  not  to  hare  a  cbimiiel 
between  the  two  in  which  water  can  collect.  In  order  to  determine  its  specific  pavitr, 
a  known  weight,  W,  of  the  powder  is  introduced  into  the  bottle  with  water,  and.  after 
the  entangled  air  has  been  removed  by  an  air-pump,  the  bottle  is  suspended  in  a  bap 
beaker  of  water  whose  temperature  is  very  slightly  higher  than  that  of  the  room.  This 
temperature,  f,  is  carefully  observed  by  means  of  a  delicate  thermometer,  whose  bulb  is 
placed  near  the  bottle.  After  an  equilibrium  is  established,  the  stopper  is  inserted  into 
the  neck  of  the  bottle  while  it  is  still  under  water.  The  bottle  can  then  be  remored, 
and,  after  having  been  wiped  dry,  weighed  at  leisure.  This  is  the  weight  Wn  of  [86]. 
For  every  specific-gravity  bottle,  we  determine  once  for  all  the  weight,  ffV,  of  water 
which  it  contains  at  0°.  This  is  a  constant  for  that  bottle,  and  from  it  we  can  ea^ilj 
calculate  the  weight  of  the  bottle  filled  with  water  at  f°,  or  FFi,  by  the  formula, 

TFi  =  W  +  PTo  (1  +  Kt)  S,  [208.] 

in  which  W  is  the  weight  of  the  glass,  K  the  coefficient  of  expansion  of  glai^.  and  9 
the  spot  ific  gravity  of  water  at  /°,  referred  to  water  at  0°  as  unity,  as  given  by  Table 
XVI.     The  weight  of  the  water  displaced  at  t°  is  now  determined  by  the  formula 

ir'r>=  m  +  TT— m, 

which  is  then  reduced  to  the  standard  temperature  by  [207]. 

Tho  cliomist  frequently  has  occasion  to  determine  the  specific  gravities  of  solids 
which  .ire  soluble  in  water.  For  this  purpose  he  selects  some  inactive  liquid,  snch  as 
alot>hol.  glycerine,  or  oil  of  turpentine,  and  first  finds,  by  one  of  the  methods  just  de- 
s«M-ilH\i,  the  wei;:ht  of  this  liquid  displaced  by  the  body,  exactly  as  when  using  water, 
tho  tcnifxrature  l»oin^  curefully  observed.  He  then  determines  tho  specific  gravity  of 
the  liquid  used  nt  the  same  temperature  as  before,  and  from  these  data  easily  calculates 
iho  sjHvific  gravity  of  the  solid.  The  student  will  be  able  to  devise  a  formula  for  the 
pur]H>so. 

In  all  delicate  determinations  of  specific  gravity  it  is  essential  to  use  several  granim« 
oi'  the  substance,  since  otherwise  a  very  small  error  in  the  weighing  will  cause  an  im- 
jnmant  em>r  in  the  result.  It  is  also  essential  to  remove  any  air  which  mar  be 
ontangUHl  in  the  interstices  or  cavities  of  the  solid.  This  can  be  done  either  hy  boilin? 
tho  liquid  in  which  the  solid  is  immersed,  or  by  placing  the  vessel  containiDg  ib« 
liquid  and  solid  under  the  receiver  of  an  air-pump  and  exhausting  the  air. 
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LIQUIDS. 

(827.)  Weight  and  Specific  Gravity.  —  The  weight  of  a  liquid 
can  be  most  accurately  determined  by  direct  weighing,  and  the 
weight  of  the  liquid  in  the  atmosphere  may  be  reduced  to  the 
weight  in  vacuo  exactly  as  in  the  case  of  solids ;  only  the  tare  of 
the  flask  in  which  the  liquid  is  enclosed  must  be  taken  under  the 
same  circumstances  of  temperature  and  pressure  as  those  under 
which  the  liquid  is  weighed.  Such  niceties,  however,  are  very 
rarely  necessary. 

The  specific  gravity  of  a  liquid  determined  at  an  observed 
temperature,  ^,*  by  either  of  the  methods  described  in  (145) 
and  (146),  can  easily  be^reduced  to  the  standard  temperature 
when  the  law  of  expansion  of  the  liquid  is  known.  For  this  pur- 
pose, we  first  calculate  the  volume  of  the  liquid  at  /^  (  FJo),  the 
volume  at  0®  being  unity,  by  means  of  the  empirical  formula 
expressing  the  law  of  expansion  (255)  ;  and  since  the  specific 
gravity  at  different  temperatures  must  be  inversely  as  the  volume, 
we  have 

Vr.:l  =  (Sp.  Gr.\  :  (Sp.  Gr.^f> , 
and  [209.] 

(^Sp,Gr.\  =  aSp.Gr.^f^  Fr*. 

In  most  cases  with  which  the  chemist  meets  in  practice,  however, 
the  law  of  expansion  is  not  known.  It  is  then  best  to  determine 
by  direct  experiment  the  specific  gravity  of  the  liquid  at  the  stand- 
ard temperature.  An  apparatus  invented  by  Regnault  (Fig.  454) 
may  be  used  with  advantage  for  this  purpose.  It  is  merely  a 
specific-gravity  bottle,  so  shaped  that  it  can  readily  be  surrounded 
by  melting  ice  and  the  volume  of  the  liquid  measured  with 
great  accuracy.  It  is,  in  the  first  place,  filled,  like  a  thermometer- 
tube,  with  the  liquid  to  be  examined,  which  is  then  cooled  to  0® 
by  surrounding  the  apparatus  supported  on  its  stand  with  pulver- 

*  Bj  "  specific  gravity  of  a  liqnid  at  the  temperature  < "  is  meant  the  weight  of  the 
liqaid  drrided  hj  the  weight  of  an  equal  volume  of  water,  the  liquid  being  measured  at  t^ 
nd  the  water  at  4^.  In  using  a  specific-gravity  bottle  (145),  wo  have  only  to  determine 
for  each  sabstance  the  weight,  VK,  of  liquid  which  exactly  fills  the  bottle  at  t°.  Having 
previously  determined,  once  for  all,  the  weight  of  water  at  4°  which  the  bottle  will  con- 
Iriii  at  the  same  temperature,  we  can  ea8ily  calculate  by  [166]  the  wei^rht  of  water  at 
4^  wfaidi  the  bottle  would  hold  at  ^.  In  using  the  hydrostatic  balance,  the  lesolts  may 
be  reduced  in  a  similar  way. 
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ized  ice.  After  an  equilibriom  of  temperature  is  established,  the 
excess  of  the  liquid  is  removed  with 
bibulous  pi4>er,  until  the  liquid 
stands  at  a  point  marked  c»i  the 
fine  tube  which  forms  the  neck  of 
the  bottle.  The  apparatus  is  nov 
closed  with  its  glass  stopper,  and  it 
may  then  be  removed  &om  the  ice, 
wiped  dry,  and  weighed  at  leisure. 
Ey  subtracting  from  tliis  weight  tlie 
tare  of  the  glass  aud  the  brass  stand, 
we  obtain  the  weight  of  liquid  which 
the  E^paratus  holds  at  0°,  which,  di- 
vided by  the  weight  of  water  it  eon- 
tains  at  4°  (previously  determined), 
gives  the  exact  specific  gravity. 

(828.)    Volume.  —  The  volumes 
of  liquids  are  generally  determined 
Kg.tu.  by   direct   measurement.     For  Ais 

purpose  a  great  variety  of  grad- 
uated glasses  are  used,  which  are  described  in  detail  in  mosl 
works  on  Clicmicnl  Manipulation  or  Chemical  Analysis.' 
These  instruments  for  clieniical  purposes  are  usually  gradu- 
ated in  cubic  centimetres,  and  arc  only  standard  at  0*.  The 
process  of  measurement  is,  however,  seldom  so  accurate  as  to 
make  it  important  to  regard  the  change  of  volume  which  the 
glafs  undergoes  from  clianges  of  temperature.  The  same,  how- 
ever, is  not  true  in  regard  to  the  lit^uid  itself;  where  gnal 
accuracy  is  required,  it  is  important  to  ol»serve  the  temperature 
at  which  the  measurement  is  made,  and  to  reduce  the  observed 
volume  to  the  standard  temperature  by  means  of  the  empirical 
formula  (2.35),  which  exprcssea  the  law  of  expansion  of  the  given 
liquid. 

The  volume  of  a  liquid  can  be  determined  with  greater  accu- 
racy liy  [.">6]  ;  that  is,  by  dividing  the  weight  of  the  liquid  by  its 
specific  gravity  for  the  temperature  at  which  the  volume  is  re- 
quired. This  method  is  frequently  used,  in  chemical  investigi- 
tions,  for  measuring  the  volume  of  a  glass  vessel.     For  this  piir- 

•  A  very  romplfle  descriptioD  of  this  class  of  intlnimena  will  be  fbond  hi  P^ 
Mohr'.  ri(rt™,rt«fc. 


WEioHnra  AND  HEABUHma.  667 

!,  ire  determine  with  a  delic&te  balance  the  weight  of  mercury 
ietllled  vater  which  the  vessel  contains  at  an  observed  tem- 
iture.  This  weight,  divided  by  the  specific  gravity  of  mercuiy 
ff^ater  for  the  given  temperature,  gives  the  volume  of  the 
el  at  that  temperature.  If  the  weight  is  accurate  to  oue 
iigramme,  the  volume  may  thus  be  measured  within  the  thou- 
Ith  or  the  liundredth  of  a  cubic  centimetre,  according  as 
cury  or  water  web  used  in  the  determination.  Knowing  now 
volume  of  the  vessel  at  a  given  temperature,  t,  and  also  the 
Rcient  of  expansion  of  glass  (245),  we  can  easily  calculate 
167]  the  volume  at  any  other  temperature  {241). 


GASEB  AND   TAPOBS. 

:}29.)  Weight.  —  Tlie  weights  of  equal  volumes  of  the  best 
«rn  gases  and  vapors  have  been  determined  with  great  care  by 
ral  experimenters,  and  it  is  now  seldom  necessary  to  repeat 
determination.  Those  of  air,  oxygen,  nitrc^n,  hydrogen,  and 
ionic  acid  were  determined  by  Regnault,  and  ore  among  the 
t  accurate  constants  of  science.  The  method  which  he  used 
serve  to  illustrate  the  general  method  followed  in  such  cases. 

egnault  weighed  the  gases  in  a  large  glass  globe,  whose  volume,  V, 

been  measured  in  the  way  juat  de- 
«d.  In  order  to  avoid  the  always 
rtain  correclioa  made  necessaiy  by 
ges  in  the  buoyancy  of  the  atmosphere 
ig  the  course  of  the  experiments,  he 
poised  this  globe  by  another  globe  of 
isme  siee  and  made  of  the  same  kind 
^ass  (see  Fig.  258) ;  so  completely 
this  simple  provision  efiect  its  object, 

in  one  experiment  he  saw  the  equi- 
im  maintained  daring  fourteen  days,  in 

of  great  change  in  the  temperature, 
mre,  and  moistnre  of  the  air.  The  ex- 
uents  were  conducted  in  the  following 
The  globe,  having  been  surrounded 
melting  ice  (Fig.  45S),  and  connected 
lead  tube  with  the  manometer  ( tf  and 
with  an  ur.pump  through  the  branch  "*"  **■ 

a  m,  was  first  filled  with  perfectly  pure  and  dry  gas.     This  was 


668  OHMOATi  FHmOB. 

cActed  bj  ezlitiiBtiiig  it  terend  timesy  And,  after  each  efrlMitwIiniii 
necting  it  with  the  vessd  in  which  the  gu  was  generating  throai^  a  aemi 
of  U  tobesy  bj  which  the  erode  gas  was  dried  and  porified.  The  ^obs 
was  .then  exhausted  again  as  perfectlj  as  possible,  and  the  tennoa  of  the 
small  amount  of  gas  remaining  in  it  ascertained  hj  measuring  the  haifA 
m  ft  with  a  cathetometer.  Bepresent  this  by  k^  This  meaaoremeDt  htf- 
ing  been  made  and  the  stopcock  dosed,  the  globe  was  disoonneeted  frn 
the  manometer,  removed  from  the  ice,  and,  having  been  carefiilly  demed^ 
suspended  to  one  pan  of  a  very  strong  and  ddieate  balanee,  and  com* 
terpoised  by  a  second  globe  as  above  described.  The  globe  was  ftea 
returned  to  its  first  position,  and  the  connection  having  been  made  ss 
before,  it  was  again  filled  with  the  same  gas  under  the  pressure  of  the  sb. 
Bepresent  the  pressure,  as  givoi  bj  the  barometer,  by  £^  Lastly,  the 
globe  was  a  second  time  suspended  from  the  balance,  and  the  increaw  of 
weight  determined,  which  we  wiU  call  Wi  This  evidently  was  the  wd^ 
of  a  volume  of  gas  equal  to  the  volume  of  the  globe  measured  aft  0*, 
and  under  a  pressure  of  J%— A«i  The  wei^  of  one  cubic  centimetn 
pf  the  gas  at  0^,  and  under  a  pressure  of  76  c  ul,  was  then  calculated  bj 
the  formula. 

The  results  obtained  by  Begnault  were  as  follows :  — 

gp^gjU^j  Weight  of  lUtn 


Air, 1.00000  1.298187 

Nitrogen,.        .        .        .  0.97137  1.256167 

Oxygen,       ....  1.10563  1.429802 

Hydrogen,         .        .        .  0  06926  0.089578 

Carbonic  Acid,     .        .        .  1.52901  1.977414 

It  was  discovered  by  Gay-Liissac,  that  all  gases  combine  with 
each  other  iii  very  simple  proportions  by  volume.  This  remark- 
able law  will  be  considered  at  length  in  another  portion  of  this 
work.  It  is  sufficient  for  the  present  to  say,  that  it  gives  us  the 
means  of  calculating  from  the  weight  of  one  litre  of  oxygen  the 
weight  of  one  litre  of  any  other  gas  when  the  chemical  equiTar 
lent  and  the  combining  volume  are  known.  In  this  way  the 
values  given  in  the  fifth  colunm  of  Table  II.  have  been  calco- 
lated.  They  are  not  exactly  equal  to  those  obtained  by  direct 
experiment,  probably  because  the  different  gases  are  unequsUj 
compressed  by  the  weight  of  the  atmosphere.  The  actual  weights 
as  observed  can  always  be  obtained  by  multiplying  the  ^^  specific 


WEIOmNO  AND  HEASURINO.  669 

gravity  by  observation,"  given  in  Tables  III.  and  IV.,  by  1.29206. 
the  weight  of  one  litre  of  air. 

The  weight  of  one  litre  of  a  vapor  at  0°  and  76  c.  m.  is  of 
course  a  fiction,  since  all  those  gases  generally  known  as  vapors 
(292)  would  be  condensed  to  liquids  under  these  conditions  of 
temperature  and  pressure.  It  is  convenient,  however,  in  many 
calculations,  to  know  the  weight  which  one  litre  of  a  vapor  would 
have  at  the  standard  temperature  and  pressure,  assuming  that  it 
could  retain  its  aeriform  condition  under  these  circumstances ; 
the  weights  of  the  vapors  are  therefore  given  in  Table  II.  in 
connection  with  those  of  the  gases. 

Elnowing,  then,  the  weight  of  one  litre,  and  hence  also  of  one 
cubic  centimetre,  of  all  the  more  important  gases  and  vapors  at 
0"  and  at  76  c.  m.,  when  perfectly  dry,  we  can  easily  calculate 
from  these  constants  the  weight  of  one  cubic  centimetre  of  any 
of  these  gases  when  saturated  with  aqueous  vapor,  and  at  any 
given  temperature  and  pressure.  The  following  formula  for  the 
purpose  is  easily  deduced  from  [100],  [184],  and  [203],  re- 
membering that  the  weight  of  one  cubic  centimetre  of  any  given 
mass  of  gas  must  be  inversely  as  its  volume. 

«'  =  «'  •  i  +  oW^  •  ^W^'  t^ll.] 

This  formula  gives  the  weight  of  the  gas  only,  not  including 
tlie  weight  of  aqueous  vapor  mixed  with  it ;  if  the  gas  is  dry,  jQ 
becomes  0,  and  of  course  disappears.  Using  the  weight  of  one 
litre  of  aqueous  vapor  at  0°  and  76  c.  m.  given  in  Table  II., 
we  can  easily  calculate  by  [211]  the  weight  of  one  cubic  metre  of 
aqueous  vapor  at  different  pressures  and  temperatures.  It  was  in 
this  way  that  the  values  given  on  page  571  were  obtained.  They 
are  not  absolutely  accurate,  because,  as  we  have  before  seen,  the 
vapor  deviates  from  the  law  of  Mariotte  before  reaching  its  maxi- 
mum tension,  while  the  formula  assumes  that  it  strictly  obeys 
the  law. 

The  weight  of  one  cubic  centimetre  of  a  gas  depends,  to  a  slight 
extent,  on  still  another  cause  not  yet  considered,  namely,  the  va- 
riations in  the  intensity  of  the  force  of  gravity  over  the  surface 
of  the  earth.  What  the  effect  of  such  variation  must  be  can 
easily  be  seen  by  taking  an  assumed  case.  Suppose,  then,  that 
the  intensity  of  the  earth's  attraction  were  exactly  doubled,  it 
is  evident  that  the  total  weight  of  the  atmosphere,  and  hence 
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its  pressure,  would  be  doubled.  Moreover,  the  densitj  of  all 
ga^es  exposed  to  this  pressure  would  be  doubled  also;  and  all 
this  change  would  take  place  without  anj  yariation  in  the  hei^t 
of  the  barometer ;  for  although  the  pressure  of  the  air  would  be 
thus  iucreascd,  the  weight  of  the  mercurj-colunm  which  meas- 
ures this  pressure  would  be  increased  in  the  same  proportion. 
A  similar  effect  to  this,  although  only  to  a  Tory  slight  extent,  is 
produced  by  the  small  variations  in  the.  force  of  gravity  on  the 
eartli's  surface.  Other  things  being  equal,  the  relative  weight  of 
one  cubic  centimetre  of  a  gas  at  different  places  is  proportional 
to  the  force  of  gravity  at  these  places. 

u?  :  w?'  =  ^  :  g^         and        vf  ^w  —  -  [212.] 

The  weights  determined  by  Begnault,  and  given  on  page  668, 
are  only  exact  for  Paris,*  where  g  =  9.8096  ;  but  from  these  the 
woigiit  for  any  other  latitude  or  elevation  can  easily  be  calcu- 
Ui*si  by  [40]  and  [47].  The  weights  given  in  the  fifth  column 
of  Tai»le  11.  were  calculated  for  the  latitude  of  the  Capitol  at 
Washington  (38^  53'  34")  and  the  sea  level.  They  can  be  re- 
duivd  for  any  other  place  by  the  following  formula,  easily  derired 
::x>m  [tVl\.  [40],  and  [47]  :  — 

1  —  0.00259  cos  2  i  r^., , 

it'  =  tr  -. oT--r  ;  [21o.] 

0.99945(1+^)'  ^ 

l^:  >\;:h  roriuoiion  is  seldom  necessary. 

;•.\^  S^'fcijic  Gravity  of  Gases.  —  It  is  usual  to  refer  the 
s;>:v  .:lv  irr^aviiy  of  gases  to  air,  as  a  standard  of  comparison,  iu- 
>:>c;.;  v^:*>*A;or,  and  the  specific  gravity  of  a  gas  may  be  defined 
as  *:'o  rAiiv^  of  iis  weight  to  that  of  an  equal  volume  of  drj  air, 
lv^^.  Iv;:.*:  aioa<un?d  at  0"*  and  under  a  pressure  of  76  c.  m. 

.V  T*  :»~t'*  JUffM'fi^  —  The  rooet  accurate  method  of  detennininp  tk 
s:yv  ^  /  cr:i^  i:>  i^'  a  c«^  is  due  to  RegnaulU  It  consists  in  determining 
>*./;.  ,:  i'  A:^:\Ar:4:i:'i  dt^s^'ribed  above  (329)  the  weight  of  the  given  gw 
>*hv-  A  Ur^'  srln-is  jrli^be  will  contain  at  0®  and  76  c  m.,  and  then  divid- 
imj:  ::..>  >»t:;:hi  bv  ih.it  ot'  an  equal  volume  o^  air  previously  determined 
u\  :*u-  vA:r,e  w^iy.  Tliis  method  requires  no  further  description,  as  the 
prvvvss  v^:*  v'.t  Tonnininc  the  weight  of  the  gas  has  already  been  given  in 
d^*:^!  1:  A^i:u:I^  ot'gnai  accuracy,  and  should  always  be  used  in  normal 
dettrtv.iK  a:\mis. 


•  TS»  ::i!j:-  »e  .^*  Ke%rTuiaU*$  Ubonuorr,  «t  Paris,  is  4«<^  50'  U",  and  ibe  cle>^MQ 
•K^»vx*  :ho  ><A  U\rl  aVu:  fO  mem?*. 
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Bitiuen't  Method.  —  When,  howev«r,  the  very  greatest  accuracj  is  not 
mquired,  as  in  the  invcatigations  usually  made  in  the  laboratory  on  ga»- 
ecKU  bodies,  their  specific  gravity  can  be  obtained  by  dividing  the  weight 
of  the  gas  by  the  weight  of  the  same  volume  of  dry  air  taken  at  the 
same  temperature  and  under  the  eame  presc^ure.  This  ratio  ie,  strictly 
apeaking,  the  specific  gravity  only  when  the  gas  obeys  exactly  the  law  of 
ISarioite,  and  has  the  same  coefficient  of  enpansion  as  air  ;  but  it  is,  nev- 
ertheless, in  most  casea  near  enough  for  all  practical  purposes.  Bunsen's 
method  *  is  an  application  of  this  principle.  He  employs,  for  determining 
the  specific  gravity  of  a  gas,  a  common  light  flask,  g,  Fig.  456.     The  toI- 


ome  of  this  flask  should  be  abont  200  or  SOO  cubic  centimetres,  and  the 
aedt,  a,  thickened  before  the  blowpipe,  should  be  drawn  out  eo  as  to  have 
■D  i^rtore  of  tlie  thickness  of  a  straw,  into  which  a  glass  stopper  is 
groDDd  ur-tight  by  means  of  emery  and  turpentine.  Through  this  neck, 
which  is  furnished  with  an  etched  scale  in  millimetres,  mercury  is  poured  ' 
1^  means  of  a  funnel  reaching  to  the  bottom  of  the  fiask,  until  the  whole 
is  filled.  As  soon  as  tiiis  is  accomplished,  the  flaxk  is  transferred,  with  its 
month  downwards,  into  the  mercury-trough  A  A,  and  gas  is  allowed  to 
enter,  until  the  level  of  mercury  in  the  neck  of  the  flank  stands  a  few 
millimetres  higher  than  in  the  trough.  In  order  to  prevent  the  gaa  from 
becoming  mixed  with  air,  it  is  evolved  from  as  small  a  vessel  as  possible, 
and  allowed  to  enter  the  flask  through  a  narrow  delivery  tube,  and  in  the 
must  Btatcf     The  gas  is  dried  in  the  flask  iteelf  by  a  small  piece  of  fused 

•  This  dewripl ion  ie  taken  (rom  Bnmen's  Gasonielry  (llo>coe'RtnnalatioD),Taryiiig; 
only  the  method  of  rompating  the  rcsnlts. 

n  comxles  mercni;,  the  flask  cannot  be  filled  ia  tbi* 
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chloride  of  calciam,  h,  which  has  previoadj  been  made  to  cryBtalliie  on 
the  side  of  the  flask  bj  bringing  it  into  contact  with  a  single  drop  of  water 
and  alternately  heating  and  cooling  the  glass.  This  smaU  piece  of  chlo- 
ride of  calcium  serves  also  to  free  the  mercury  and  the  sides  of  the  flask 
from  all  adhering  moisture.  In  order  to  be  able  to  dose  the  flask  at  $nj 
time  without  warming  it  with  the  hand,  the  little  lever  cf  is  emplojed. 
On  the  end  of  this  lever  the  stopper  is  so  fastened  in  a  cork,  that  it  passes 
into  the  neck  of  the  flask  without  closing  it ;  and  the  lever  is  held  in  iu 
right  place  by  a  wedge,  d^  pushed  under  the  finger-plate  c.  As  sood  as 
the  flask  has  attained  the  constant  temperature,  t^fif  the  laboratory,*  the 
volume!  of  the  gas,  F,  the  height  of  the  barometer,  ITq,  and  the  height,  A«, 
of  the  colunm  of  mercury  in  the  neck  above  the  level  of  the  metal  in  the 
trougli,  are  carefully  observed.  It  is  now  necessary  to  determine  the 
weight  of  this  volume  V,  For  this  purpose,  the  wedge  d  is  taken  away ; 
the  flask  g  is  thereby  closed,  and  by  withdrawing  the  pin  e,  it  can  then  be 
removed,  together  with  the  lever  cf^  from  the  trough.  Having  discon- 
nected the  lever  from  the  stopper,  and  carefully  cleaned  the  exterior  surface 

of  the  flask,  it  is  then  weighed. 
Let  W  represent  this  weight,  H't 
the  height  of  the  barometer,  and 
t  the  temperature  of  the  baUnce 
at  the  time.  The  glass  stopper 
is  now  removed,  and  replaced  by 
an  india-rubber  tube,  a,  Fig.  4o7, 
connected  with  a  dryinj;  tube,  h. 
The  apparatus  thus  arranged  is 
placed  under  the  receiver  of  an 
air-pump,  and,  by  alternately  ex- 
hausting and  admitting  the  air, 
the  gas  in  the  flask  is  replaced 
by  dry  air.  The  drying  appa- 
ratus is  then  disconnected,  and 
the  flask  weighed  again.  Call 
this  weight  W*.  Since  the  air 
Fig  467.  has  free  access  both  to  the  inte 


way  ;  hut  sinw  siuh  pi>es  are  almost  invariably  hearier  than  air,  it  can  be  filN  bt 
(Hsplrttvinont.  The  tld>k  bt'ing  placed  in  an  aprit^ht  position,  and  the  deliverr  tube 
exioiuiini;  quilt*  to  the  lK)ttom,  the  gas  is  allowed  to  flow  in  and  overflow  the  moaih 
until  all  the  air  hiis  Ivt'n  expelled.  The  tube  is  then  slowly  withdrawn,  the  flowofg»s 
still  ixMitiiuiinir.  and  the  mouth  of  the  flask  closed  by  its  stopper. 

♦  Tlu"ie  exjH»riments  should  be  conducted  in  a  cellar-room,  in  which  a  ronsttnt 
temjvriuun*  can  bo  maintained  for  several  hoars. 

t  Btforv  usiu^'  the  rt;isk.  ii  is  once  for  all  carefully  calibrated,  and  the  volanie  corff- 
»p<^ndin;x  to  each  divUion  on  the  nwk  inscribed  in  a  table,  which  is  kept  with  the  in- 
strument. 
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rior  and  the  exterior  surface  of  the  flask,  it  is  evident  that  W*  is  sim- 
plj  the  weight  of  the  glass  of  the  vessel  and  of  the  small  amount  of 
mercury  and  chloride  of  calcium  which  it  contains,  less  the  weight  of 
air  which  these  materials  displace.  It  is  also  evident  that  W  must  be 
eqiud  to  W  increased  by  the  weight  of  the  volume  of  gas,  V,  contained 
in  the  flask,  and  diminished  by  the'  weight  of  air  displaced  by  this  volume 
of  gas  when  the  flask  was  weighed.  The  weight  of  the  gas  is,  then,  equal 
to  W  —  W*  ^  W"  ;  in  wliich  W"  is  the  weight  of  V  cubic  centimetres 
of  dry  air  at  ^^  and  ff*o  c  m.,  calculated  by  [211].  To  obtain  the  specific 
gravity  we  have  now  only  to  divide  the  weight  of  the  gas  by  the  weight 
of  an  equal  volume  of  air  measured  under  the  same  conditions  of  temper- 
ature and  pressure  at  which  the  gas  was  measured,  that  is,  at  f  and 
(/( — ^)c.m.  This  can  also  be  calculated  by  [211].  Representing 
then  this  last  weight  by  W"^y  we  have  for  calculating  the  specific  gravi^ 
tlie  three  following  equations :  — 


W—  W  4-  W 
bp.  trr.  = ^^^ ; 


[214.] 


W"  =  0.0012921  V 


W"  =  0.0012921  V 


1  4-  0.00366  f 


76  ' 


m 


1+ 0.00366 <   *        76 


[215.] 


[216.] 


As  an  example  of  the  method  of  calculation,  we  cite  the  following  from 
Bansen's  work.  A  determination  of  the  specific  gravity  of  bromide  of 
methyl,  with  a  small  flask  of  about  44  cTm.*  capacity,  furnished  the  fol- 
lowing data :  — 

r  =  7.9465 gram.  ^'o  =  74.21c.m.    F=42.19c.m.'     /ro=74.64cm. 
r'  =  7.8397     **       a    =6^2  ^  =16°.8  //o  =  2.43   " 


Calcidation  of  W"* 

(l  +  6^2ifc)  ar.  CO.  9.99025 

H%=  74.21  log.  1.87046 

76.  ar.  CO.  8.11919 

V  =  42.19  log.  1.62521 

0.0012932     log.  7.11166 

W**  =  0.052092       log.  8.7 1 677 
W—  W'  +  W"  =         0.158892 


(McuUuion  of  W'"* 
(l  +  16^8^)       ar.  co.  9.97409 
H^—K=  72.21 


log.  1.85860 
8.11919 
1.62521 
7.11166 

log.  8.68875 
log.  9.20110 

Specific  gravity  of  Bromide  of  Methyl,  3.253  log  0.51235 


W"*  =  0.048837 


•  The  raloes  of  W*^  and  W^^^  can  be  calculated  much  more  rapidly,  although  with 
accnrmcy,  by  means  of  Table  XIV. 
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(331.)  Specific  Gravity  of  Vapors.*  —  As  will  ^pear  in  tt- 
other  portion  of  this  work,  the  determiuation  of  the  spedie 
gravity  of  vapors  is  one  of  the  most  important  processes  of  prto- 
tical  chemistry.  We  always  make  the  determinations  at  a  tem- 
perature considerably  above  the  boiling-point  of  the  substance  ;t 
and  since  under  these  circumstances  a  vapor  has  all  tbe  prop- 
erties of  a  gas  (292),  it  follows  that  its  specific  gravity  maybe 
found  by  dividing  its  weight  by  the  weight  of  an  equal  vQlume 
of  air  measured  under  the  same  conditions  of  temperature  and 
pressure.  The  method  of  determining  these  two  weights  usoallf 
followed  in  the  case  of  vapors  is  precisely  similar  to  that  used 
in  the  case  of  gases  and  described  in  the  last  section,  and  tiie 
same  formulas  may  be  used  in  calculating  the  results.  It  Ht 
fers  from  it  only  in  the  details  of  the  manipulation,  aad  in  the 
fact  that,  on  account  of  the  high  temperature  to  which  the  vapor 
is  heated,  it  is  necessary  to  take  into  account  the  change  in  the 

*  We  use  the  term  vd^fxfr  here  in  its  ordinary  sense. 

t  The  namber  of  degrees  above  the  boiling-point  at  which  a  Taper  firrt  acqimei 
fall  J  the  properties  of  a  permanent  gas  varies  very  greatly  with  ditterent  tabsnscei 
Thus,  ander  the  normal  pressure  of  the  air,  the  vapors  of  water  and  alcohol  obej  tbs 
law  of  Mariotte  at  a  temperature  only  a  few  degrees  above  their  boiling-points,  wbiie 
the  vapor  of  sulphur  docs  not  obey  the  law  until  heated  to  at  least  500^  above  its  boil* 
in^point.  Unless  the  experimenter  is  confident  in  regard  to  the  properties  of  die  sab> 
stance  under  examination  in  this  respect,  it  is  best  to  make  two  determinations  of  the 
specific  gravity  at  temperatures  differing  by  twenty  or  thirty  degrees.  If  the  two  do 
not  agree  within  the  limit  of  error  of  the  method  employed,  it  is  an  indication  that  die 
temperature  is  not  sufficiently  high.  This  is  illustrated  by  the  experiments  of  Gaboon 
on  the  specific  gravity  of  the  vapor  of  monohydrated  acetic  acid.  He  found  that  the 
specific  gravity  did  not  become  constant  until  the  temperature  rose  above  240°  C^  ite 
is  120°  above  its  boiling-point.     The  following  table  contains  his  results  :  — 


Temp. 

Sp.  Gr. 

125° 

3.180 

130 

3.105 

140 

2.907 

150 

2.727 

160 

2.604 

170 

2.480 

180 

2.438 

190 

2.378 

remp. 

Sp.  6r. 

200° 

2  248 

220 

2.132 

240 

2.090 

270 

2088 

310 

2085 

320 

2.083 

336 

2i)8d 

It  is  evident  that  a  determination  of  the  specific  gravity  of  the  vapor  of  acttic  add 
made  at  a  temperature  below  240°  would  have  given  too  large  a  result,  and  one  whiA 
would  have  been  tlie  more  erroneous  as  the  temperature  was  lower.  An  error  of  d* 
same  kind,  made  in  the  determination  of  the  specific  gravity  of  the  vapor  of  sulpbor, 
introduced  an  anomaly  into  the  simple  law  of  equivalent  volumes  which  has  oolj 
recently  been  explained. 
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fUpa^tj  of  Hie  vessel  used.  Tbe  method  may  be  best  explained 
ij:  an  example.  Suppose,  then,  that  ve  wish  to  ascertaio  the 
ifieciGc  gravity  of  alcohol  vapor. 

We  lake  a  light  glass  globe  having  a  capacity  of  from  300  to  500  cTro^*, 
^id  draw  the  neck  out  in  the  tlame  of  a  bhut  lamp,  so  as  to  leave  only  a 
■ae  opening  as  shown  in  Fig.  436  at  a.  We  then  weigh  the  globe,  which 
gives  us  the  weight  W  of  [214].  The 
second  step  is  to  a^cerlain  the  wei^t  of 
the  globe  filled  with  alcohcJ  vapor  at  a 
known  temperature  and  under  a  known 
pressure.  For  this  purpose,  we  introduce 
into  the  globe  a  few  gnunmes  of  pure 
alcohol,  and  mount  it  on  the  eupport  rep- 
resented in  the  figure.  Bj  loosening  the 
screw,  r,  we  next  sink  the  balloon  beneath 
the  oil  contained  in  the  iron  vessel,  V, 
and  secure  it  iu  this  position.  We  now 
slowly  raise  the  temperature  of  the  oil  to 
between  300°  and  400°,  which  we  observe 
by  means  of  tbe  thermometer,  T.  The  alcohol  changes  to  vapor  and  drives 
imt  the  fur,  which,  with  the  excess  of  vapor,  escapes  at  a.  When  the  hath 
las  attained  the  requisite  temperature,  we  close  the  opening  a  by  sud- 
denly melting  the  end  of  the  tube  at  a  by  means  of  a  mouth  blowpipe,  and 
M  nearly  as  possible  at  the  same  moment  observe  the  temperature  of  the 
bath  and  the  height  of  the  barometer.  We  liave  now  the  globe  filled  with  al- 
'cohol  vapor  at  a  known  temperature  and  under  a  known  pressure.  Since 
It  is  hermetically  sealed,  its  weight  cannot  change,  and  we  can  therefore 
allow  it  to  cool,  clean  it,  and  weigh  it  at  our  leisure.  This  will  give  us  the 
weight  of  the  globe  filled  with  alcohol  vapor  at'a  temperature  t  and  under 
apiessureH  This  is  the  weight  »"  of  [214].  We  also  notice  the  height 
of  tlie  barometer  Jf'  and  the  temperature  of  the  balanee-case  t'  during  this 
■econd  weighing,  and  when  we  have  measured  the  capacity  of  the  globe 
V,  we  can  easily  calculate  hy  [315]  the  value  of  11'".  Knowing  now 
W—  W'  +  W,  the  weight  of  alcohol  vapor  which  filled  the  globe  at  f 
and  under  a  pressure  H  c.  m.,  the  next  step  is  to  find  W'",  the  weight  of  an 
equal  volume  of  air  under  tbe  fame  conditions  of  temperature  and  pressure.  ' 
By  (241)  the  volume  of  the  globe  at  the  temperature  (  was  V  (I  -{- A'f), 
■od  by  substituUng  this  in  [^16],  we  get  at  once,  since  ^  =  0, 


=  0.0012932  r{l+A'0 


tf<i 


[217.] 


1 +  0.00300  ( 
t^  whicii  we  can  easily  determine  the  weight  required.     The  last  step  is 
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to  find  tbe  capacity  of  the  gUbe,  wlddi,  ahhowgh  we  laswe  ntppoMd  it 
knowDy  u  not  actually  ascertained  experimentally  ontil  the  end  of  the 
process.  For  this  purpose  we  break  off  the  tip  of  the  tnbe  a  under  ner- 
cniy,  which,  if  the  experiment  has  been  carefully  ooodncted,  rushes  ia 
and  fills  the  globe  completely.  We  then  empty  this  mercmy  into  a  csre> 
fully  graduated  glass  (^linder,  and  read  off  the  volume.  We  haye  ocnr 
all  the  data  for  calfnlaring  the  specific  gravity,  and  the  calculation  may  l» 
conducted  precisely  as  on  page  678,  aolj  substitutbg  [217]  for  [21^ 

We  have  assumed  that  the  vapor  expelled  all  the  air  from  the  ^obe^ 
and  hence  that  the  globe  filled  completely  with  mercniy  on  breaking  ths 
tip  end  of  the  neck.  This,  however,  is  rarely  the  caae ;  there  is  afamt 
always  left  in  the  globe  a  bubble  of  air,  and  sometimea  the  volmu 
of  air  remaining  is  quite  considerable.  In  such  casea,  however,  we  maj 
still  obtain  i^roximati  vdy  accurate  results ;  it  is  only  necessary  to  deenl 
the  air  into  a  graduated  bell  over  a  pneumatic  troo^  and  measure  ei- 
actly  its  volume,  v,  at  an  observed  temperature,  f ',  ^nd  under  a  pieswiw 
of /T".  Its  weight,  fPi,  can  now  be  calculated  by  [215],  and  from  tbii 
weight  we  readily  deduce  the  weight  of  vapor  which  the  globe  contiipel 
at  the  moment  of  donng  its  orifice ;  this  weight  ot  vapor  was  evidenllf 
W—  IT'-f  W"  —  W^.  The  volume  which  the  small  amonntof  air  left  k 
the  globe  occupied  at  the  moment  of  ckmng  the  orifice  (that  ii^  Af 
and  /Tc.  m.)  can  also  be  calculated  from  the  formula, 

J  _      1  + 0.00366  <         ff\  r^Q, 

"^  —  "^  r+ 0.003667'  '    TT '  I-      ■' 

which  can  readily  be  deduced  from  [98]  and  [184].  The  volume  of  the 
balloon  at  this  time  was,  as  we  have  seen,  ^(1  -{-Kt),  Hence  the  toI- 
ume  of  the  vapor  must  have  been  F'(l-f-A'f)  —  r'.  Substituting  ths 
value  for  V(l-\-Kt)  in  [217],  we  get  for  the  weight  of  the  vapor  in  tbe 
globe  at  the  time  of  closing, 

r.  =  0.0012932  [  r(l  +  A'O  -  r']  ^-^^-^  .  f" ;     [219.] 
and  for  the  specific  gravity, 

Sp.  Gr.  :^j. 1 .  [220.] 

The  results  which  are  thus  obtained  are  not,  however,  perfectly  faustiw^ 
thy,  and  it  is  always  best  to  avoid  these  corrections  by  so  conductiiig  thi 
experiments  that  only  a  very  small  amount  of  air  at  most  shall  be  Ml  ii 
the  globe.  This  end  is  secured  by  adapting  the  size  of  the  globe  lo  tk 
quantity  of  liquid  which  is  available  for  the  determination. 

In  calculating  the  specific  gravity  of  a  vapor  from  the  observed  dsts,«B 
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must  be  careful,  in  the  first  place,  to  reduce  all  the  barometric  heights  to 
0*  by  Table  XVIIL  In  the  second  place,  the  temperature  of  the  bath,  as 
indicated  by  the  mercury-thennometer,  must  be  corrected  for  the  part  not 
immersed  [156],  and  the  corrected  temperature  reduced  by  the  table  on 
page  439  to  the  true  temperatiire.  When  great  accuracy  is  n^iulrcd,  it  is 
best  to  measure  the  temperature  of  the  bath  directly  with  an  air-thermome- 
ter. This  is  immersed  in  the  oil  at  the  side  of  the  globe,  and  the  orifices  of 
both  thermometer  and  globe  are  closed  at  the  same  time  (264).  In  com- 
puting the  results,  we  use  the  formula  [189],  and  witliout  actually  calcu- 

1  -I—  K.  t 
kiting  the  temperature,  substitute  the  value  of  rj_fwf  nrT"  ^^  C'^^"]* 

We  have  assumed  that  the  bath  in  whi^h  the  glolwj  is  heated  is  filled 
with  a  fixed  oil,  which  is  the  most  convenient  liquid  if  the  temperature 
required  does  not  exceed  2o0°.  When  heated  above  this  temperature, 
the  fat  oils  emit  very  disagreeable  vapors  ;  and  for  temperatures  between 
250*  and  500®  it  is  necessary  to  fill  the  bath  with  some  easily  fusible 
alloy,  such  as  Rose's  metal  or  sofl  solder.  The  pressure  exerted  by  the 
melted  metal  is  necessarily  very  great,  and  tends  to  defonn  the  globe, 
so  that  we  are  obliged  to  abandon  this  method  of  experimenting  as 
soon  as  the  glass  begins  to  soAen,  which  takes  place  a  little  above  500°. 
By  slightly  modifying  the  apparatus,  however,  Regnault  hiis  been  able  to 
.  ciUain  accurate  results  at  temperatures  as  high  as  600®  or  650®.  His 
method,  which  is  only  used  for  substances  which  boil  at  a  very  high  tem- 
perature, is  as  follows. 

The  volatile  substance  is  introduced  into  the  cvlindrical  reservoir  a'  hf 
(Fig.  459)  of  the  tube  a'  rf,  which  is  made  of  the  most  infusible  glass,  and 
mpported  in  an  iron  frame,  m  m'  m",  at  the  side  of  a  similar  tube,  a  b. 
This  last  tube,  which  may  be  closed  by  the  stopcock  r,  serves  as  an  ain- 


¥■ 


Fig.  459. 

thermometer.  The  two  tubes  are  heated  together  in  an  air-bath,  made,  as 
l!epresented  in  Fig.  460,  of  two  or  three  concentric  cylinders  of  sheet-iron 
enclosed  in  an  outer  cylindrical  case  of  cast-iron.  The  frame  m  m"  fits 
the  inner  cylinder y*^  h  t,  and  when  in  place  the  metallic  disk  m"  n"  just 
closes  its  mouth,  yt,  leaving  the  ends  of  the  two  tubes  projecting  in  front 
of  the  bath.  This  apparatus  is  heated  in  a  horizontal  [)osition  on  a  semi- 
Cjlindrical  grate,  and  so  arranged  that  it  can  be  surrounded  with  burning 
oools.  The  temperature  is  first  rapidly  raised  ;  but  ai\er  the  volatile  sub- 
stance has  distilled  over  and  the  excess  lias  been  collected  in  the  cold  por- 
tion of  the  tube  &  dj  the  temperature  is  increased  very  slowly,  and  betbro 


r»*i'/  '/  i4fr,r'  jaH  •)«vrT>«Hl  k  Eabfe  to  ooe  tctj  Mixwi  MBtr 
hf  Ti'ir.  In  f/r4<:r  lo  iiuoR  th«  »II  tbe  air  viD  be  «xpclkd  frv 
ttw  j(l"(<^,  it  M  r.*m>:ufti7  to  a*«  a  eM»knUe  ■monitf  of  fi^nd ;  ui 
it  i<  <rvvl/nit  tlixt  anj  imparitj  Thick  tin*  liqind  maj  coataia  wiQ  be 
Uii  Mi'unl  ill  lti<;  {{[fitM,  and  umi  to  tthify  the  we^L     Thii  nwtt  rf 
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n>r  ia   enlirelj  avoided  by  a  method  iDvented  bj  Gay-Lossac;  but 

dbrtunaiely  the  method  ia  applicable  only  to  liquids  which  boil  at  a 

mpantiTelf  low  temperature.      It  conebts  in  measuring  wilh  accu- 

cy  the  volume  of  vapor  formed  by  a  known 

eight  of  liquid.     The  liquid  is  firat  enclosed  in 

very  thin  glass  bulb,  A,  Fig.  461,  which  is  her- 

etically  sealed,  and  the  weight  of  the  liquid  is 

itermined  by  weighing  the  bulb  both  before  and 

ler  it  has  been  filled.     Thia  bulb  ia  then  passed 

>  into  a  graduated  beU-glass,  C,  filled  with  mer- 

ury,  and  standing  in  an  iron  bo^in  also  partly 

led  with  the  some  liquid.     Around  the  bell  is 

aced  a  glass  cylinder,  whose  lower  end,  resting 

the  mercury  contained  in  the  basin,  ia  com- 
etely  closed.  This  cylinder  is  filled  with  water, 
id  the  apparatus  thus  arranged  is  mounted  on 

charcoal  furnace.  The  gla^a  bulb  is  aoon 
oken  hy  the  expansion  of  the  liquid,  and 
hen  the  temperature  la  sufficiently  elevated  the 
laid  changes  into  vapor,  which  depresses  the 
ertniry-column.  The  heat  is  a  till  increased 
itil  the  water  in  the  cylinder  boils,  when  the 
ibblea  of  vapor  rising  through  the  liquid  eatab- 
h  a  uniform  temperature  of  100°  throughout 
e  whole  mass.  We  then  ohaerve  accurately  the 
lumeof  the  vapor  and  the  pressure  to  which  it  is 

posed.  To  obtain  the  last,  we  subtract  from  the  height  of  the  barometer, 
,,  the  difference  of  level  between  the  surface  of  the  mercury  in  the  basin 
d  that  in  the  bell.  This  difference  of  level  ia  measured  by  a  calhelom- 
er  with  the  aid  of  the  levelling-screw  r.  Compare  (159).  With  these 
la  we  can  easily  calculate  ihe  specific  gravity.  We  reduce,  first,  the 
Jume  of  the  vapor  to  0°  and  7G  c  m.  by  [IG6]  and  [107],  and  we  then 
Iculate  the  specific  gravity  by  [55]  and  [58].  For  the  different  pre- 
utions  required  in  this  process,  and  for  the  alight  variations  required 
ider  different  circumstancea,  the  student  is  referred  to  Begnault'a  Ele* 
ents  of  Chemistry,  American  edition,  Vol,  II.  p.  408. 

(832.)  Volumes  of  Gases.  —  In  conscqnence  of  the  very  bidkII 
sDsity  of  gases,  their  volumes  can  be  determinod  much  more 
curatelyby  measure  than  by  weight.  The  measurement  of  the 
■lume  of  a  gas  is  effected  in  eudiometers,  or  graduated  tubes, 
;g.  462,  which  are  generally  about  2  c.  m,  in  diameter  and  from 
i  c.  m.  to  80  c.  m.  long.    These  tubes  are  frequeutly  graduated 


into  cabic  centimetres,  bnt  it  is  mme  aeeante  to  divide  them 
into  millimetres  and  to  determine  afterwards  the  coire^nding 
volumes  by  calibration.  Tbe  gradoatioa  19  easfly  made,  with  the 
diridi)^  machine  before  described,  on  a  thin  coating  of  wax 


spread  orer  tbe  sorface  of  the  tube,  and  tbe  dirisions  are  afW- 
wards  etched  with  hydrofluoric  acid.  The  tube  is  then  calibrated 
by  pouring  into  it  repeatedly  tbe  same  measured  quantity  of 
morcury  ilinniirh  a  long  funnel,  and  after  each  addition  aecii- 
Mti'ly  noting  the  dirision  to  which  it  rises  in  tbe  lube.  From 
t:»eso  data  it  is  easy  to  calculate  the  volume  corresponding  lo 
each  gntduaiion  :  and  a  table  is  then  prepared,  from  which  thw 
voluiucs  can  he  subsequently  ascertained  by  inspection.  The 
moitsiircments  of  gases  are  best  performed  over  a  small  mercitriai 
In.»ugh.  like  that  represented  in  Fig.  462,  which  was  contrived  b? 
Euiison,  and  is  admirably  adapted  lo  the  purpose.  The  troitgli  has 
two  transparent  sides  of  plate-glass,  througli  which  the  level  of  the 
mercury  is  easily  observed.  Tbe  eudiometer  is  first  filled  irilh 
mercury  by  means  of  a  long  fiinnel  reaching  to  tbe  bottom  of  die 
lul>e;  and  after  clt'»sing  its  mouth,  it  is  inverted  and  placed  in  the 
position  represented  in  the  figure,  when  the  gas  can  readily  Iw 
introiiueeii  fn>ra  the  collecting  tubes.  When  practicnMc,  a  drop 
of  water  is  brougiit  into  tbe  head  of  the  eudiometer  before  filling 
it  with  mercury,  so  that  the  collected  gas  may  be  perfectly  satu- 
rated with  aqueous  vajior. 

Every  determinntiun  of  the  volume  of  gases  requires  the  fal- 
lowing four  primary  observations ;  — 
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1.  The  level  of  the  mercury  in  the  eudiometer. 

2.  The  level  of  the  mercury  in  the  trough  measured  on  the  etched 

divisions  of  the  eudiometer. 

3.  The  height  of  the  barometer. 

4.  The  temperature. 

The  eudiometer  is  first  brought  to  a  perpendicular  position  by 
means  of  a  plumb-line,  and  the  observations  are  then  made  by  the 
help  of  a  small  telescope  placed  at  a  distance  of  from  six  to  eleven 
feet.  The  axis  of  the  telescope  is  brought  to  a  horizontal  posi- 
tion, and  all  error  from  parallax  thus  avoided.  It  is  unneces- 
sary to  add,  that  the  heights  of  the  mercury  columns  must  always 
be  read  off  at  the  highest  point  of  the  meniscus. 

The  observed  volumes  of  gas  are  reduced  by  calculation  to  the 
volumes  in  a  dry  state  at  0*  and  under  a  pressure  of  76  cm.  by 
means  of  the  equation 

y yi        ^  —  ^0  —  ^ 

(1  +  0.00366 1)  76  ' 

which  is  easily  obtained  from  [107],  [184],  and  [203].  The 
following  measurements,  by  Bunsen,  of  a  volume  of  air  sat- 
urated with  aqueous  vapor,  may  serve  as  an  example  of  the 
calculation :  — 


Temperature  of  the  air,  20^.2 


Lower  level  of  mercury, 
Upper      "  " 

Difference  of  level, 
Bedoced  height  Aq, 


c«  in. 

56.59 
81.73 

24.86 
24.78 


Height  of  barometer, 
Correction  for  temperature. 

Reduced  height  ^, 
Tension  of  vapor,  i^* 


0.  m. 

74.69 
0.25 

74.44 

1.76 

47.90 


The  division  317.3  corresponds  to  a  volume  by  table  of      292.7 
Correction  for  meniscus,     ......  0.4 

The  corrected  volume  F',        .         .         .         .         .  293.1 


v\ 

H^  —  ^0  —  Q>      •        •        ^ 
(1  -^  0.003660  by  Table  XI.,  . 

76, 

Reduced  volume  F=  172.01,  . 


log.  2.46701 
.  log.  1.68033 
ar.  CO.  9.96902 
ar.co.  8.11919 

lo2.  2.23555 


For  the  practical  details  of  the  methods  connected  with  the 
manipulation  and  measurement  of  gases,  we  would  refer  the 
student  to  Professor  Bunsen's  work  on  Gasometry.  This  dis- 
tinguished experimentalist  has  very  greatly  improved  all  these 
processes,  and  has  given  them  an  accuracy  unsurpassed  by  any  of 
the  most  refined  methods  of  chemical  investigation. 
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378.  A  glass  globe,  having  been  filled  at  0^  and  76  c.  m.  parUj  with 
air  and  partly  with  water,  and  afterwards  sealed,  is  heated  to  100^.  Re- 
quired the  pressure  exerted  on  the  interior  surface  of  the  Tessel,  proTided 
that  there  is  an  excess  of  water  left  in  the  globe. 

879.  What  would  be  the  pressure,  if  ether  were  used  in  the  last  ex- 
ample instead  of  water  ? 

380.  Into  a  vacuous  vessel,  whose  capacity  equals  2.02  litres,  there 
were  introduced  one  litre  of  dry  air  and  sufficient  water  to  leave  after 
evaporation  20  c7m.*  in  the  liquid  state.  Required  the  tension  of  the 
mixture  of  air  and  vapor  in  the  interior  of  the  vessel  at  50®. 

881.  A  given  quantity  of  dry  air  weighs  5.2  grammes  at  0®  and  76 
c.  m.  pressure.  What  would  be  its  volume  at  30**  and  77  c  m.  pressure 
when  saturated  with  vapor  ? 

382.  What  is  the  weight  of  a  cubic  metre  of  air  at  30**  and  77  c  m. 
pressure  ?     The  relative  humidity  of  the  air  is  assumed  to  be  0.75. 

383.  The  volumes  of  air  given  in  the  table  below  were  measured  when 
saturated  with  vapor  at  the  temperatures  and  pressures  annexed.  It  is 
required  to  reduce  these  volumes  to  what  they  would  have  been  at  0^  and 
76  c.  m.  pressure,  had  the  gas  been  perfectly  dry. 

H  =  76.3  c.  in.  r  =    SOP. 
H  =     5.6    "       t  =    20°. 


1. 

250  c.  m.' 

//=  75.6  cm. 

t  -  150. 

4. 

500  c.  m.** 

2. 

120  '♦ 

//  =  25.4  " 

t  =  200. 

5. 

725  " 

3. 

75  ". 

//=  5.G  " 

i  —  10°. 

6. 

340  " 

H=  7%       "       t  =  -203. 

384.  Tlie  volumes  of  air  given  in  the  following  table  were  measured 
at  0°  and  76  c.  m.  pressure  when  perfectly  dry.  It  is  required  to  deter- 
mine what  would  have  been  the  volume  at  the  temperature  and  pressure 
annexed  were  the  gas  saturated  with  moisture. 


1. 

200  c.m.^ 

7/  —  i  )  4  0,  m. 

/  =  150 

4.  75  c  m.' 

ff-  77  2  cm.  t=    -10° 

2. 

500  " 

^—45  5  " 

t  —    10°. 

5.  60  " 

7/  =  80.2  "   /  =  -4°. 

3. 

25  " 

//—  15.8  " 

t  —    130. 

6.  140  " 

//  -  79  4  "   /  =  -IOC. 

38').  In  the  following  problems  are  given,  first,  the  temperature  of  the 
atmosphere,  t°  ;  secondly,  the  dew-point,  t'°.  It  is  required  to  determine 
in  each  case  the  relative  humidity  of  the  atmosphere  and  the  weight  of 
vapor  in  one  cubic  metre. 


1. 

t   =  30O 

t'  —   18°. 

4. 

t  —  30© 

t'  -  28°. 

7. 

t  =  (P 

f  =  -4°. 

2. 

/  =  20° 

t'  -   110. 

5. 

t  =  250 

t'  —  20°. 

8. 

t  -    6° 

/'  =-10-^ 

3. 

t   -  50 

t'  -    0°. 

6. 

i  —   10° 

t'  -    60. 

9. 

t  —  41° 

f'  =  89°. 

tS8G.  In  the  following  problems  are  given,  first,  the  temperature  of  the 
dry -bulb  thermometer  ;  secondly,  that  of  the  wet-bulb.  Required  in  each 
case  the  relative  humidity  of  the  air. 


1. 

«=  SQO 

r'  =  280. 

4.  t  5=  28® 

<' «  260.7. 

s. 

t^  20© 

<'=  12©. 

5.  t  =  150 

«'  =»  12o;j. 

s. 

«  =  IQO 

f'  «  2°. 

6.  t  =  12® 

t'=>    SO. 
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7.  r  «      0®  <'  —   -^o. 

8.  r  =   -50  f'  «   -8«>. 

9.  <  =  -20®  i'  =  -200.8. 

887.  Assuming  that  the  air  is  four  fiflhs  saturated  with  aqueous  vapor 
at  the  temperature  of  20^,  how  much  water  would  fall  from  each  cubic 
metre  if  the  temperature  suddenly  fell  to  11°? 

•  888.  When  the  temperature  of  the  air  was  30°,  the  dew-point  was 
observed  to  be  at  28° ;  the  temperature  of  the  air  suddenly  fell  to  20°. 
How  much  rain  would  fall  on  a  square  kilometre  from  a  height  of  200 
metres,  assuming  that  the  atmosphere  were  of  uniform  density  and  hy- 
grometric  condition  throughout  the  whole  height  ? 

Sources  of  Heat. 

889.  How  much  wood  charcoal  must  be  burnt  in  order  to  evaporate  50 
kilogrammes  of  water,  assuming  that  the  water  is  already  at  the  boiling- 
pointy  and  that  all  the  heat  evolved  is  economized  in  the  process  ? 

890.  How  much  alcohol  must  be  burnt  in  order  to  melt  5  kilogrammes 
of  sulphur,  assuming  that  the  sulphur  is  already  at  the  melting-point,  and 
that  the  heat  is  all  economized  ? 

891.  How  much  coke  would  be  required  to  raise  the  temperature  of 
the  air  of  a  room  measuring  6  m.  X  7  m.  X  8.5  from  5°  to  25°,  assuming 
thai  none  of  the  heat  evolved  was  lost  ? 

892.  How  many  cubic  metres  of  illuminating  gas  (marsh  gas)  must  be 
burnt  to  raise  the  temperature  of  40  kilogrammes  of  water  from  0°  to 
100^  ?     How  much,  in  order  to  convert  the  water  into  steam  ? 

Conduction  of  Heat 
898.  It  is  required  to  make  a  copper  boiler  by  which  100  kilogrammes 
of  water  may  be  evaporated  each  hour.  What  must  be  the  extent  of 
boiler  surface,  assuming  that  the  thickness  of  the  copper  is  2  m.  m.,  and 
that  the  difference  of  temperature  between  the  two  surfaces  of  the  copper 
plate  is  10^  ? 

894.  If  the  boiler  were  made  of  iron  5  m.  m.  thick,  what  must  be  the 
extent  of  the  boiler  sur&ce  ? 

WEIGHING   AND   MEASURING. 

Specific  Gravity  of  Solids. 

895.  The  specific  gravity  of  zinc  was  found  to  be  7.1582  when  the 
temperature  of  the  water  was  15°.  What  would  have  been  the  specific 
gravity  at  4°  ? 

896.  The  specific  gravity  of  antimony  was  found  to  be  6.681  when  the 
temperature  of  the  water  was  15°.  What  would  have  been  the  spedfie 
gravity  at  4°  ? 


684  CHEMICAL  PHTSICS. 

397.  The  specific  gravity  of  an  alloy  of  zinc  and  antimony  was  foond 
from  the  following  data :  — 

Weight  of  the  alloj,    * 4^106  gnmnMs. 

"  "      specific-gravity  hottle,        .        .        .  9.0560        " 

"  "  "      full  of  water  at  40  19i)9l0        " 

"  "      bottle,  alloy,  and  water  at  U^.e,  22.8035        ** 

398.  Find  the  specific  gravity  of  metallic  zinc  from  the  following 

data  :  — 

Weight  of  the  zinc, 12.4145  giammes. 

"  "      boule, 9.0560        " 

"      fullofwatcratlSO,     .        .         .  19.0790        " 

"  "  "      zinc  and  water  at  120.4,  .  29.7663        " 

Volume  of  Solids.  ^ 

399.  Gold-leaf  is  made  as  thin  as  one  ten-thousandth  of  a  millimetre. 
How  great  a  surface  could  be  covered  with  10  granunes  of  such  leaf? 

400.  A  cylinder  of  iron  weighing  21  kilogrammes  is  2.5  m.  high.  What 
is  its  diameter  ? 

401.  The  base  of  the  grand  pyramid  of  Egypt  measured  23.48  m.  (m 
each  side ;  its  original  height  was  146.18  m.  Required  its  weight,  as- 
suming that  it  was  solid,  and  that  the  stone  of  which  it  is  constructed  has 
a  Sp.  Gr.  =  2.75. 

402.  Required  the  price  of  an  iron  pipe,  knowing  that  its  interior  di- 
ameter is  equiU  to  0.254m.,  that  its  thickness  equals  0.014  hl  and  its 
length  213.4  m.  The  specific  gravity  of  cast-iron  is  7.207,  and  its  price 
4  cents  a  pound. 

403.  A  silver  wire  1.5  m.  m.  in  diameter  weighs  3.2875  grammes.  It 
is  rtH]uired  to  cover  it  with  a  coating  of  gold  0.4  m.  m.  in  thickness. 
What  will  be  the  weight  of  the  gold? 

Volume  of  Liquids. 

404.  What  is  the  volume  of  40  kilogrammes  of  mercury  at  100°?  If 
the  linuid  is  t»ontained  in  a  cylindrical  vessel  6  cm.  in  diameter,  how  high 
would  it  stand  above  the  horizontal  base  ? 

40').  A  «rlass  flask  with  a  narrow  neck  was  weighed  full  of  mercarv  at 
the  temperature  of  lO"",  and  found  to  weigh  560.234  grammes.  The  fla>k 
itself  weiirhed  ^^4.374  rrrammes.     Required  the  volume  of  the  flask. 

40r,.  Calciilaie  the  volume  at  0°  of  the  globe  employed  by  Regnauh  m 
dotormininor  the  ab-jolute  wei^rht  of  one  litre  of  air  and  of  other  gases  from 
the  foUowinsT  data  (see  Fig.  454)  :  — 

Woijjht  of  die  glass  plobe  at  40.2  and  75.789  era 1 ,258  55  gram. 

after  havinp  been  filled  with  water  at  00,  .       11,126.05    ** 
Tomperntnre  of  the  chamber  at  the  time  of  weighing,        ...  6° 

Height  of  the  ba>"umeier  at  the  same  time, 76.177  cm- 

Ans,  9,881.06^.' 
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Weight  of  Gases. 

407.  Calculate  the  weight  of  one  litre  of  dry  air  at  0**  and  76  c.  m. 
fixmi  the  following  determination  by  Reguault  (329).  The  globe  used 
was  the  same  as  in  the  last  example. 

Globe /uU  of  Air  and  turmmded  by  Ice. 

Hqpglit  of  barometer  at  the  time  of  closiDg  the  stopcock,  .    76.119  c.  m. 

Weight  added  to  globe  to  equipoise  it  in  balance  (Fig.  258),  1.487  gramw 

Giobe  exhausted  of  Air  and  surrounded  by  Ice. 
Tension  of  air  remaining  in  globe  as  indicated  by  the  manometer  at 

the  moment  of  closing  the  stopcock, 0.843  c.  m. 

Weight  required  for  eqaipoise, 14.141  gram. 

Ans.  12.7744  gram. 

408.  Calculate  the  weight  of  one  litre  each  of  hydrogen  and  carbonic 
acid  at  0^  and  76  e.  m.  from  the  following  determinations  of  Regnault 
The  data  are  given  in  the  same  order  as  in  the  last  problem. 

Hydrogen.  •     Carbonic  Acid. 

Globe  fall  of  gas,    Ho    ==  75.616    c.  m.  Globe  full  of  gas,  Ho   —  76.304    c.  m. 

W*  =  13.301    gram.  W  =    0.6336  gram. 

Globe  exhaosted,     Ao     =    0.340   cm.  Globe  exhausted,  ho    =    0.157    cm. 

W"  =  14.1785  gram.  W"  «  20.21 1    gram. 

Ans.  0.88591  gram.  Ans.  19.539/  gram. 

409.  Reduce  the  weights  obtained  from  the  last  two  problems  to  the 
latitude  of  45''  and  the  sea-leveL     See  page  670. 

410.'  Reduce  the  weights  to  what  they  would  be  at  Quito.  Latitude, 
^  18',5.     Elevation  above  sea-level,  2,908  metres. 

411.  In  the  following  table  are  given,  first,  the  volume  of  the  gas; 
secondly,  the  pressure  to  which  it  is  exposed ;  thirdly,  it<*  temperature. 
Assuming  that  the  gas  is  saturated  with  vapor  of  water,  it  is  required  to 
calculate  the  weight  in  each  case. 

F.  H.  I. 

Air, 245  ^Tm?  76.12  c.  m.       15°. 

Hydrogen, 564  "  64.32  "  12°. 

Carbonic  Acid 202  "  45.20  "  4^. 

Chlorine, 50  "  75.89  "  30©. 

Protoxide  of  Nitrogen,  .465  "  66.23  "  8®. 

Steam, 500  "  76.54  "  213®. 

Alcohol  Vapor,    ....  1,500  "  54.22  "  l52o. 

Ether  Vapor, 250  "  75.20  "  100©. 

412.  A  glass  globe  weighed,  when  open  to  the  air,  225.169  grammes ; 
filled  with  water  at  the  temperature  of  0^,  it  weighed  785.169  grammes. 
Required  the  weight  of  air  which  the  globe  would  contain  at  300^  and 
under  a  pressure  of  77  c.  m. 

413.  What  is  the  weight  of  one  cubic  metre  of  aqueous  vapor  at  its 
maximum  tension  at  the  following  temperatures  :  10%  15°,  120°,  200°, 
and  250°? 
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414.  What  is  the  weight  of  the  vapor  contained  in  one  cubic  metre  of 
the  atmosphere  under  the  conditions  given  in  problem  385  ? 

Specific  Gravity  of  Gases  and  Vapors. 

415.  Calculate  the  specific  gravity  of  hydrogen  and  carbonic  add  al 
0**  from  the  data  given  i/i  problems  407,  408,  and  409. 

416.  Ascertain  the  specific  gravity  of  alcohol  vapor  from  the  following 
data:  — 

Weight  of  glass  globe,  W'^ 50.8039  gnLmmes. 

Height  of  barometer,  H\ 74.754    c.  m. 

Temperature,  t\ 18°. 

Weight  of  globe  and  vapor,  W^         ....  50.8245  grammes. 

Height  of  barometer,  i7, 74.764    c  m. 

Temperature, «, 167°. 

Volume,  I,  .....••.  351.5      c.  m. 

417.  Ascertain  the  specific  gravity  of  camphor  vapor  from  the  follow- 
ing data  :  — 

Weight  of  glass  globe,  TT', 50.1342  grammes. 

Height  of  barometer,  £/', 74.2        cm. 

Temperature,  V IS^  5. 

Weight  of  globe  aud  yapor,  TF*,        .        .        .        .        50.8422  grammes. 
Height  of  barometer,  H^       ,        •        .        .  .74.2        cm. 

Temperature,  <, 244°. 

Volume,  K, .        .        .295        Z~^ 

Volume  of  Gases, 

418.  A  volume  of  air  saturated  with  moisture  gave  the  following  meas- 
urement?.    Reduce  to  the  standard  temperature  and  pressure. 

Level  of  mercury  in  pneumatic  trough,        ....  5234  c.  ni. 

"  "  eudiometer, 24.25     " 

Volume  corresponding  to  24.25  division,     ....  350    cTnT' 

Temperature  of  the  air, 15°.4. 

Height  of  barometer, 76.54  c.  m. 

419.  A  volume  of  air  saturated  with  moisture  at  3°.l  and  57.59  cm. 
pressure,  was  found  to  measure  368.9  cTm.*.  After  absorbing  the  oxygen 
with  a  paper  ball  moistened  with  pyrogallate  of  pota^sh,  and  drying  the 
residual  gas  with  a  ball  of  caustic  potash,  it  was  found  to  measure  313.8 
cm.',  the  temperature  being  3°.l  and  the  pressure  53.58  c.  m.  Required 
the  percentage  composition  of  the  gas. 

420.  A  volume  of  gas  (choke-damp),  measured  moist  at  13.°5  and 
02.40  pressure,  was  found  to  be  171.2  cTm.'.  After  absorbing  the  ca^ 
bonic  acid  with  a  ball  of  caustic  potash  and  drying  the  gas,  it  was  found 
to  measure  1G7.3  cTm.^,  the  temperature  being  13.5°  and  the  pressure 
01.96  c.  m.  Finally,  after  absorbing  the  oxygen  with  pyrogallate  of  pot- 
ash, and  drying,  Jhe  gas  was  found  to  measure,  at  13^.9  and  60.58  cm. 
pressure,  147  cTlu.'.     Required  the  percentage  composition  of  the  gas. 
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TABLES. 


TABLE    I. 
MEASURES    AND   WEIGHTS. 

ENGLISH   MEASURES. 

Measures  of  Lengtii, 

'he  inch  is  the  smallest  lineal  integer  now  used.     For  mechanical 
)oses  it  is  divided  either  duodecimallj  or  by  continual  bisection  ;  but 


er  units  are  thus  related  to  it :  — 

p.  Fmrtonfi.  Chains.    Rodi.      FiiUionM.         Tvds.           Feet. 

LInkt.          Inohee. 

««  8  »  80  —  320  —  880      —1760    —5280 

—8000  —63360 

1.  10  —   40  —  110      »  220   —  660 

—1000  —  7920 

1.      4—    11      »     22   —     66 

—  100  —     792 

1=      2.75=      5.5—     16.5 

—     25  —     198 

1=2—6 

-       9A-       72 

1    »       3 

-      4,\=       36 

1 

-       IJJ-       12 

125— .001  — .01— .04=     .11=      .22—      0.66—       1  —        7.92 


Measures  of  Surface. 


Boode. 

4 

Square  Chains.      Square  Taide.        Square  Teel 

—       10       —     4840     —     43,560 

1 

=        2.5     —     1210     =     10,865 
1        —       484     —       4^856 

1     —             9 

Measures  of  Volume* 


OnUeTanL 

Cubic  Feet 

CuMelnehea. 

1            — 

27        — 

46,656 

1         — 

1,728 

68 
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TABLSB. 


The  Imperial  Standard  Gallon  oontauu  tea  ponndfl  avioirdupob  «d|^ 
of  distilled  water,  weighed  in  air  at  62^  Fahr.  and  80  in.  BanoL,  or  U 
lK>mid!i,  1  oonoey  16  pennyweig^itB,  and  16  gruns  Tioj,  —  70^000  pmad 
weight  of  distilled  water.  A  cubic  inch  of  distilled  water  wd^ 
252.458  grains,  and  the  imperial  galkm  amtains  277,274  culne  inches 


DUtOkd  W*tar. 

""  OaUelMhM. 

Ptalfta 

<l»«t. 

QiOb.     ] 

PMb.    ] 

GrataM.           Avdr.  lb. 

•  ^ 

8,750  — 

1.2£ 

»—       84.659  — 

1 

17,500  — 

2.5 

—       69.818  — 

2  — 

1 

70,000  — 

10 

—     277.274  — 

8  — 

4  — 

1 

140,000  — 

20 

—     554J^48  — 

16  — 

8  — 

2  — 

1 

560,000  — 

80 

—  2,218.192  — 

64  — 

82  — 

8  — 

4- 

1 

4,480,000  — 

640 

— 17,745J^86  — 

512  — 

256  — 

64  — 

32- 

8 

-1 

ApoAeewrM  Meature, 

The  gallon  of  the  former  wine  measure  and  of  the  present  Apotheoh 
ries'  measure  contains  58,838.81  grains'  weight  of  distilled  water,  or  811 
cubic  inches,  the  ratio  to  the  imperial  gallon  being  nearij  a&  5  to  6^  or  si 
0.8381  to  1. 

Ploti. 

8 
1    — 


1     —    8    — 


128 

16 

51 


1024 

128 

8 

31 


61,440 
7,680 
480 
60 


er.ornbt.wM. 
58,333.31  -  2S1 
7,291.66  -    2a« 
455.72  »-     U 
56.96  -     Oi 


ENGLISH   WEIGHTS. 


Avoirdupois  WeighL 


1 

Ooncea.                   Dnehim. 
.            IG           —           256 

1         -           16 

1 

— 

GTBiM. 

7000 
4o7.5 
27.34375 

• 

Apothecaries  Trmf  WeighL 

Poand. 

1 

OttDCM.              DnduBt. 

-.       12      —       96       — 

1       -.         8       — 

1       — 

Senipkt. 
288 

24 
3 

1 

GnlML 

—  5760 
-.         480 

—  60 

—  20 
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1  Kilometre 
1  Hectometre 
1  Decametre 
1  Metre 

1  S[ilometre 

1  Metre 

1  Centimetre 


FRENCH   MEASURES. 
Measures  of  Length, 


1000  Metres. 
100 
10 
1 


(( 


(C 


u 


0.6214  Mile. 
8.2809  Feet. 
0.3937  Inch. 


1  Metre  = 

1  Decimetre  = 

1  Centimetre  = 

1  Millimetre  » 

Logarithms. 

9.793  3712 
0.515  9930 
9.595  1742 


1.000  Metre. 

0.100  « 

0.010  « 

0.001  " 

Ar.  Co.  Log. 

0.206  6188 
9.484  0070 
0.404  8258 


Measures  of  Volume, 


1  Cubic  Metre  =* 

1   Cubic  Decimetre      = 
1  Cubic  Centimetre     = 


1000.000  Litres. 
1.000 
0.001 


u 


(( 


LogBrithmt. 

1  Cubic  Metre  =  85.31660  Cubic  Feet  1.547  9790 

1  Cubic  Decimetre  =-  61.02709  Cubic  Inches.  1.785  5226 

1  Cubic  Centimetre  =    0.06103      "  «  8.785  5226 

1  Litre  =    0.22017  Gallon.  9.342  7581 

1  Litre  —    0.88066  Quart.  9.944  8083 

1  Litre  —    1.76133  Pints.  0.245  8407 


Ar.  Co. 

8.452 
8.214 
1.214 
0.657 
0.055 
9.754 


Log. 

0210 
4774 
4774 
2419 
1917 
1593 


FRENCH  WEIGHTS. 


1  Kilogramme    «1000  Grammes. 
1  Hectogramme  as  100 
1  Decagramme  =»     10 
1  Gramme  »«       1 


(( 


u 


u 


1  Gramme         =-  1.000  Gramme. 
1  Decigramme  =«  0.100 
1  Centigramme  =  0.010 
1  Milligramme  =  0.001 


M 


U 


Logarithms.        Ar.  Co.  Log. 

1  Kilogramme  =  2.20462  Pounds  Avoirdupois.     0.343  3337  9.656  6663 
1  «  =  2.67922      "      Troy.  0.4280083  9.5719917 

1  Gramme      =15.43235  Grains.  1.1884321   8.8115679 


TABLE  FOR  THE  REDUCTION  OF  THE  BAROMETRIC  SCALE. 


28  inch.  =  71.1 187  cm. 

29  "     =73.6587    " 

80  **     =76.1986    " 

81  "     =78.7386    " 


71  cm. 

72  " 

73  « 

74  ^ 


27.953  inch. 
28.347    " 
28.741    « 
29.134   " 


1  inch  =  2.539954  c  m. 


75  cm.  =  29.528  inch. 

76  "    =29.922    '' 

77  "    =30.315    « 

78  "    =30.709    " 


1  c  m.  =  0.3937  inch. 


69S 


TABLES. 


LOGARITHMS 


FOR  REDUCING   THE    MOST    COMMON   WEIGHTS   AUD   MEASURES. 


Meatures  of  Length. 


Uttn.           '     PaiWMirboi. 

Anrtrton  Foot. 

PraariuiFoot. 

• 

1 
EofikhFoot 

•. 

O.AsiS  SSIS 

0.500  1723 

0.503  2730 

0.515  9929 

0.511  66S7-1 

•. 

0.011  8410 

0.014  9417 

0.027  6616 

0.499  S277-1 

0.988  1590-1 

0. 

0.003  1007 

0.015  8206 

0.496  7270-1 

'   0.9S5  058S-1 

0.996  8998-1 

0. 

0.012  7199 

0.4S4  0071-1 

>   0.972  8384-1 

0.984  1794-1 

0.987  2801-1 

•. 

Meatures  of  Surface, 


Square  MaCn. 

PuUui  9q.  Foot 

Aiutriaii  8q.  Foot. 

Pmntaui  8q.  Foot 

SoglUiSq.lM 

0. 

-   0.976  6625 

1.000  »445 

1.006  5459 

1.081  9857 

0.023  3375-1 

•. 

0.023  6>20 

0.029  8834 

0.055  3232 

0.999  6555-2 

0.976  3180-1 

0. 

0.006  2014 

0.031  6412 

0.993  4540-2 

0.970  1166-1 

0.998  7986-1 

0. 

0.025  4398 

0.968  014.1-2 

0.944  6768-1 

0.968  8588-1 

0.974  5602-1 

•. 

Measures  of  Volume. 


Cabk  Metre. 

P&rijii&n  Cub.  Foot  Acutrian  Cub  Foot 

Pniarian  Cub.  Foot 

English  Cob  Foot 

0. 

1.464  9933 

1.500  5168 

1.509  8189 

1.547  97!46 

0.535  0062-2 

0. 

0.035  5230 

0.044  8251 

0.082  9J<4S 

0.499  4832-2 

0.964  4770-1 

0. 

0.009  .3021 

0.047  4618 

0.490  1810-2 

0.955  1749-1 

0.990  0979-1 

0. 

0.038  1597 

0.452  0214-2    ' 

0.917  0152-1 

6.952  53^2- 1 

0.96!  8403-1 

6. 

Weights. 


KUogramme. 

0. 

AuBtrian  Pound 

Prussian  Pound. 

Eng  Troy  Pound. 

Englirii  Poond 
ATOutiapott.     1 

0.251  8027 

0.3.30  0224 

0.428  0208 

0.343  3453 

0.748  1973-1 

0. 

0.078  2197 

0.176  2182 

0.091  5426 

0.669  9776-1 

0.921  780.3-1 

0. 

0.097  9984 

0.013.3229 

0.571  9792-1 

0.823  7818-1 

0.902  0016-1 

0. 

0.915  3244-1 

0.656  6547-1 

0.908  4574-1 

0.986  6771-1 

0.084  6756 

0.  ^ 

TABLE    II. 

IIFIC  GRAVITT  AND  ABSOLUTE  WEIGHT  OF  OSB  LITRE  OF 
BOME  OF  THE  MOST    IMl'iiKTANT  GASES  AND  VAPOBa 


HUdh  of  Quel. 

i 

oSa. 

Bp.Sf. 

Wdghtof 

Ar.O*. 

f 

1 

1.00000 

1.29206 

0.111382 

9.888118 

hoi. 

1.6IS 

I.A8938 

2.05367 

0.312610 

9.6BT490 

ooDia  pa.  .        .        . 

0.B967 

0.58738 

0.75B93 

9.880201 

0.119799 

16.90623 

31.84610 

1.389880 

8.660630 

4.88072 

6.69684 

0.747842 

9.262168 

Die.              .            .            . 

10.66 

10.86553 

1S.S93S6 

1.126873 

9.878127 

Dide  of  bydrogen,      . 

2.69S 

2.68504 

3.483  IB 

0.641847 

9-468158 

n,   . 

],50«J6 

1.94643 

0.389238 

9.710762 

•itM 

6.B4 

B.S2827 

7.14286 

0.8638T2 

9.146128 

lohjdric  »dd, 

2.79870 

3.61607 

0.538237 

9.441763 

on 

0.e469* 

0.S2924 

1.07143 

0.029963 

9.970037 

onic  add.       . 

1,63908 

1.62181 

1.96433 

0.293316 

9.706786 

onic  oxide. 

0.96779 

0.96745 

1.35000 

0.096910 

9.908090 

rine.        .        .        . 

a.47 

2.46317 

3.16964 

0.601010 

9.4BBM0 

rideofhoron,    .       . 

8.948 

4.0S686 

B.24107 

0.719420 

9.3Sa6M) 

ride  of  Biliuin. 

B.93» 

5.8T880 

7.58928 

0.880201 

9.119199 

rohfdrii^  arid.     . 

1.2474 

1.26114 

1.63B17 

0.212046 

9.187966 

logcn,     . 

1  8064 

1.79669 

3.33143 

0.365766 

9.634245 

lohjdric  neid,     . 

0.9176 

O.9a2»0 

1.30636 

0.0^1116 

9.918884 

r.    .        .        .        . 

2.G66 

2.66689 

3.3036.^ 

0.618994 

9.481006 

rine.  .       .       .       . 

1.81397 

!. 69643 

0.229536 

9.770461 

ddeof  boron, 

2.S124 

2.31608 

B.Oai27 

0.48)626 

9.618376 

ride  of  lilicon,   .        . 

3.600 

S.69338 

4.6JaS7 

0.666786 

9.333214 

ijdricscid.    .        . 

0.69104 

0.89286 

9.9S0793 

0.049218 

Dgen, 

0.06928 

0.06910 

0.08929 

8.980782 

1.049218 

e,  . 

8.716 

8.77614 

11.33930 

1.054586 

8.916414 

.ydricKid. 

4.443 

4.42263 

5.71429 

0.766962 

9.343038 

h(f«,    .        .        . 

0.6S76 

0.BS283 

0.7)429 

9.8638J2 

0.146128 

""T 

e.976 

6.9103S 

e.929B8 

0.960T82 

9.049218 

gen.       .        .        . 

0.97187 

0.96746 

1.25000 

0  096910 

9.903090 

Di  oxide,  . 

1.5269 

1.52028 

1.96429 

0.298205 

9.106796 

soxide^          .        . 

1.0388 

1.03635 

1. 83928 

0.126873 

9.813127 

uUg",       . 

0.9853 

0.96745 

1.25000 

0.096910 

9.908090 

;«l.        .        .        . 

1.10563 

1.10566 

1.428BT 

0.164903 

9.845098 

f,bo™,      .        .        . 

4.42 

4.38442 

5.638T1 

0.T4SI74 

9.356936 

jhide  of  hjAiogim. 

1.178 

1.17476 

1.61786 

0.1B12S1 

9.818769 

S.6282T 

T.H18G 

0.863873 

9.146128 

n,  .       .       .       . 

2.9023B 

8.73O00 

0.5740BI 

9.426969 

inr 

3.2 

2.31182 

2.85714 

0.465932 

9.644068 

lide  of  hydrogen,  . 

1.19ll! 

1.17476 

1.61786 

0.181331 

9.818169 

loroni  acid,       .        . 

2.247 

2.21131 

2.85714 

0.455933 

9.544068 

r.  .        .        .        . 

o.flaas 

0.6319! 

0.80367 

9.906OS5 

0.094976 

*  Ctapatid  fnm  (1h  tpMllla  fnTl^  of  w 
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TABLBB. 


TABLE    III. 


SPECmC  GRAVrriES  of  gases  at  0«>C.;   barometer,  76  cm. 


8p«eifle 
Samm.                                 GraTitjr  by 

1  ObaerTAtfcm. 

1 

SpecMe 
GntTlty  b7 
Caleolatkm. 

ObMTfvn. 

Air, 

1.000 

fewlt. 

1  Oxvgrn. 

1.106 

•       • 

Dnmas  and  Boosno* 

HTdro$«^ 

0.0691 

•       • 

t*              U             It 

MjuvhgWs 

0.555 

0.559 

Thomson. 

MechTle, 

.   • 

0.490 

Olcfiantgas,        .... 

0.978 

0.980 

Th.  de  Sanisnre. 

Bicarbide  of  hTdrogen   of   Fura- 

dar,         ..... 

1.920 

1.960 

Faraday. 

Phosphide  of  bvdropcn. 

1.214 

1.198 

Dumas. 

Arsenide  of  hydrogen. 

2.695 

2.695 

M 

Chlorine, 

2.470 

•       • 

Gay-Lossac  k  The- 

Oxide  of  chlorine,  or  hrpochloric 

[nari 

acid, 

•    • 

2.340 

Hypochloroiu  acid  of  Balard, 

•   • 

2.980 

Nitrogen, 

0.972 

.   . 

Dnmas  and  Bonssin- 

Protoxide  of  nitrogen, 

1.520 

1.525 

Colin.            [ganlt 

1.0388 

1.086 

Berard. 

Cyanojren,           .... 

1.806 

1.818 

Gav-Lossac. 

Chloride  of  cyanojren,    . 

•       • 

2.116 

tt 

Annnonia, 

0.596 

0.591 

Biot  and  Anigo. 

Oxide  of  carl)on,    .... 

0.957 

•      • 

Cniikshanck. 

Carbonic  arid,     .... 

1.529 

•       • 

Dumas  and  Bonssin- 

Chloro-carbonic  acid. 

•       • 

3.399 

[gault 

Sulphurous  acitl,     .... 

2.234 

.    * 

Thenard. 

Acid,  chlorohydric, 

1.247 

1.260 

Biot  and  Arago. 

bromohydric,  .... 

.    . 

2.731 

io<loliydric, 

4.443 

4.350 

Gav-Lussac. 

sulphohydrir. 

1.191 

.   . 

Gnv-Lussac  &  The- 

selenohydric, 

.    . 

2.795 

Binean.           [nard. 

tellurohydric, 

.    • 

4.490 

(( 

fluoboracic, 

2..371 

.   . 

John  DaTT. 

fluosilicic,        .... 

8.573 

.   . 

tt 

chlorol>oracic, 

3.420 

.   . 

Dumas. 

Monohydrate  of  methyle, 
Chiorohvdrate  of  methvle. 
Fluohydrate  of  methyle, 

1.617 
1.731 
1.186 

1.601 
1.737 
1.170 

Dumas  and  Peligot 
((        tt        « 

tt          u           tt 

[FIC   ORAVTTIES  OF  VAPORS   BEDTJCED  BY  CALCULATION 
TO  0°  C,  AND   BAHOMETER  7«  c.  m. 


SpKiBt 

Bftdte 

OnTltybr 

OnTlt^  b. 

CUCBlUlon. 

1.000 

line. 

B.540 

6.S90 

Mitscheriich. 

". 

6.7K 

8.  TOO 

Dumu. 

6.617 

6.6M 

pboras, 

4.420 

4.820 

" 

Uc 

10.600 

10.360 

Mtticheriich. 

"T. 

6.976 

6.970 

Daoiu. 

18.8M 

I3.8O0 

MiUchcrlich. 

«alpbaiic  Mbjdrou.'i,      , 

S.000 

2.760 

4.030 

l.TIO 

llLlricH'i™)iyJniI0d,    . 

1.270 

BincBii. 

»  chloride  of  sDlphnr,    . 

4.T0O 

4.660 

Duma^ 

:hlori>le  of  ralphnr,     . 

S.700 

„ 

4.870 

4.790 

.. 

•iile  of  arsenic,    . 

6.300 

e.2M 

„ 

oofarecnLC.           .        .        . 

16.100 

IS.64D 

HitKheriich. 

S.SS0 

B.100 

., 

oride  of  meicDTj,   . 

9.800 

9.480 

„ 

ibroniido  of  mereary,  . 

10.140 

S.670 

12.180 

12.870 

u 

oiodide  of  mercoij,     . 

1S.600 

1S.680 

lide  of  mcrcur?  (cinnibar),     . 

6.500 

6.400 

„ 

Kjbloride  of  Bntimony. 

7.aoo 

„ 

NAIoride  of  bigniDih.       .        . 

11.100 

10.990 

JacqueiaJD. 

bichloride  of  chromium,      . 

\rz\ 

G.S00 

Bine«i  uid  Walter. 

^rideoftin 

9.199 

8.990 

Dam««. 

6.890 

Binuu. 

ude  of  cjuiogeii,    . 

8.610 

rideof  lilicoo,     .        .        . 

6.9SS 

6.9S9 

Diinus. 

Phor, 

8.468 

B.3I4 

•^ 

t  nrprntioB.                .        . 

4.768 

4.763 

H 

ine 

2.770 

2.780 

Uiucbtriidi. 

Inline,       .... 

4.628 

4.492 

nnmu. 

rideofeUTle. 

8.4tS 

8,460 

G*y-L«UMC. 

hidcorori>OD,    .        .        . 

2.644 

hoi, 

1.6188 

1.601 

w 

r, 

2.686 

2.6BS 

u 

•cwic. 

8.067 

8.066 

DntQM  &  Bonllay. 

oxdic 

B.087 

6.081 

-.             1. 

beoioic, 

B.409 

6.340 

" 

696 


TABLES. 


NUMt. 

Qnfltyhj 
ObmiiUou. 

Spedlle 
Qnwltjhy 

Obasnwt. 

Methrlic  alcohol,    .... 

I.ISO 

1.110 

Dnmas  and  Pdigot 

4.M5 

4.870 

<(             <i 

,  Acetate  of  mathylo, 

2.568 

2.570 

<(             It 

Fusel  oil, 

8.147 

8.070 

Dnnias. 

ActttMW,            ..... 

2.019 

2.020 

4< 

Mertaptui,         .... 

2.326 

2.160 

Bnnsen. 

1  Aldehrde, 

1.582 

1.580 

Liebig. 

GO  of  bitter  almonds, 

.   . 

3.708 

WohlerandLiebig 

Hrdraret  of  salicyle, 

4.270 

4.260 

Piria. 

Oil  of  cinoamon, 

•   • 

4.620 

Dnmas  and  Peltieot 

i  OQ  of  cvmiii,         .... 

5.200 

5.100 

Geibardt  and  Ca- 

1  Acid,  acetic,        .        .        «        . 

2.770 

2.780 

Domaa.         [boon 

4.270 

4.260 

« 

8.680 

8.550 

Dnmaa  and  Btu. 

w                              •                          ' 

0.947 

0.986 

Gar-Lnflsac 

1  KakodTle, 

7.100 

7.280 

Buneen. 

.  Oxide  of  kakodvle. 

7.550 

7.880 

it 

Cranoiet  of  kakodjle, 

4.680 

4.540 

ii 

'  riikmdo  of  kakodvle,     . 

4.560 

4.800 

«< 

Water, 

0.6235 

0.624 

Gay-Lnssac. 

TABLE    V. 

SPECiriC  GRAVITY  OF  LIQUIDS  AT  40  C. 


Nmm. 

1 

8p.  Gnrity. 

Name. 

Sp.OnTity. 

1   Water,  distilled, 

1.000 

Ether,    .... 

0.715 

*   Bromine,     . 

2.966 

chlorohydric. 

0.874 

'   Men^unr  at  0<^  C-,   . 

13.596 

—  acetic,  . 

0.S63 

,  Aad,  sulphuric,  most  con- 

Methylic  alcohol, 

0.798 

centrate^!,    . 

1.841 

Fusel  oil, 

0.818 

hy|x><ulphuric,     . 

1.347 

Acetone,    . 

0.792 

nitric  fnminir. 

1.451 

Mercaptan,    . 

0.840 

nitric  tetnihyd rated, 

1.420 

Oil  of  turpentine. 

0.869     ' 

nitric  of  <x)mmercc, 

1.220 

of  citron. 

0.847 

hy|K»nitric, 

1.451 

Aldehyde, . 

0.790 

chlofohvdric   conccn- 

• 

Oil  of  bitter  almonds. 

1.043 

tratiHl  liquid. 

1.208 

—  of  spiraea. 

1.173 

aivtic  monohydrated, 

1.068 

of  cumin,    . 

0.969 

ac^'iicjrieatest  density, 

1.079 

of  cinnamon,  . 

1.010 

oleic. 

0.898 

Sea-water, 

1.026 

cvanohvdric» 

0.696 

Milk,    .... 

1.030 

Sulphide  of  carbon. 

1.263 

Wine  of  Bordeaux,  . 

0.994 

,   l*n»t*H'hloride  of  salphnr, 

1.680 

of  Burgundy, 

0.991 

1  AUx>h\»K  aK<olute,   . 

0.792 

Olive-oil,   . 

0.916 

Naphtha, 

0.847 

(hrd-ofRudberip), 

0.927 

1 

TABLES. 
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TABLE    VI. 

SPECIFIC  GRAVITY  OF  SOLIDS  AT  4°  C. 

1.  Simple  Bodies. 


Names. 


Speelflo  Or»Titj. 

OiMerTOTS* 

4.948 

GiLj-Lassac 

2.086 

Leroyer  &  Dumas. 

4.300 

mo 

6.670 

Herapath. 

8.580 

Leroyer  &  DumaB. 

8.600 

2.600 

0.865 

Gaj-Los.  and  Then. 

0.972 

((                       <c 

8.010 

7.788 

7.200 

• 

7.810 

7.190 

8.690 

7.291 

7.812 

8.279 

8.666 

8.600 

17.600 

Fi^s  d'Echayart. 

6.900 

6.720 

5.800 

6.240 

9.000 

Bncholz. 

9.822 

Fr^res  d'Ecdnyart 

11.850 

8.860 

8.950 

18.598 

10.000? 

18.680 

Children. 

11.800 

11.800 

11.0001 

10.470 

19.860 

19.260 

21.630 

22.060 

K-* 

StR«>eiB>ltr. 

mrnmn. 

,<iu«txb7.1u.,         .        . 

S.«33 

u.* 

Add.  inidcjAgtt;..        .        . 

1.61  S 

M. 

(0H(»fl-h7d), 

.150 

M. 

.480 

H. 

lime. 

BouUay. 

Chloride  of  olriom.    .        .        . 

.230 

FInoride  oralrinai  (fliu>r-(p«r). 

.200 

H. 

Chloride  of  b«rii.n.,      .         .         . 

MO 

Boullaj. 

Chloride  of  poUMinm.    .        . 

.836 

Weniel. 

Iodide  of  poUniDm,    .        .        . 

.000 

Boollay. 

Chloride  of  (odiun. 

.100 

Kinnn. 

rmiac) 

.BtO 

M. 

,  Conindum.  »Bpphire,& 

ndori 

Alaminft, )     cnlal  nib;. 

.160 

M. 

fEmerj,      . 

.900 

M. 

.TOO 

•ITS 

Lenyer  &  DiiDW- 
BonlUy. 

Prnioiide  of  amuiftnir, 

Sulphide  of  tmtimouy',    . 

.884 

M. 

Oxiiloofiiivor.    .... 

.2S0 

Boullaj. 

Sulphide  of  silver.   . 

.200 

M. 

Oiloride  of  iilTcr,       . 

.US 

BonUay. 

Iodide  of  silver,       . 

, 

.614 

.000 

Deutoxidc  of  mprcniy. 

Protofhioridt  of  mcrvuiy, 

-no 

Bichloride  of  inerfury, 

.420 

Deuloiodide  of  dicituit,  . 

.XIO 

„ 

-750 

„ 

Bisulphide  of  mercury,    . 

.124 

.. 

Oxide  of  liismulh, 

.968 

Sulphide  of  bi-muih, 

.640 

M. 

Sulphide  of  molylidonuni,    . 

.600 

M. 

TiingRiic  Bcid, 

.000 

M. 

trotoxide  of  copper,    . 

.300 

Bonllaj. 

D«Qloxidoof«jpper, 

.130 

'■ 

Protosulphido  of  Copper,      . 

.6»0 

M. 

nenloKidcoftia,     . 

.700 
.267 

M. 

BoallflJ. 

Prolonulphidooftin,    .        .        . 

Bi.ulphide  of  tin.    .        .        . 

.416 

.. 

Proloxideof  lead  (c«»), 

.600 

Peroxide  of  lead,     . 

200 

Iodide  ofleitd 

100 

„ 

Selcnide  of  lend.      . 

690 
SBD 

M. 
M. 

Sulphide  of  lead  (Galena).  . 

Oxide  of  line,  .... 

Bonllay. 
H. 

Sulphide  of  «nc  (blende),    .        . 

.160 

n  Uw  "TnlUileinDimocli" 


»„. 

Sp»ia.  a~*3r. 

0,-™ 

dde  of  iron. 

G.S2S 

BouIIb;. 

ledc  oxido  of  iron,       . 

B.400 

BUulphido    of   iron 

d       f 

(pjril^),  .        . 

B.DOD 

Do.  (white  pjritcs),. 

Magnetic  pyriM,. 

4.620 

4.-180 

lioxiila  of  irtuieinMe, . 

4.610 

M. 

miiic  uf  nmnganese. 

4.722 

M. 

•sulphide  of  laaaicKaeM, 

8.9i0 

M. 

tide  of  timniura  (nilile). 

4.250 

M. 

8. 

Simple 

Sail: 

h™. 

SiwHKOTnltT. 

Ob-™. 

>™«.fLi.o,!'r"""^'"- 

2.72» 
2.948 

Malni. 

Tbenard. 

2.880 

H. 

inalcufiron  (iron  spar),      . 

8.8G0 

H. 

S.5S0 

M. 

loaieofiinc, 

4.600 

M. 

mattofb..7te«,      .        . 

4.800 

M. 

.nateofslronti^            .         . 

8.650 

U. 

inatcoflMil  (white  iMdl, 

6.730 

M. 

lale  of  Imrjla  (heavy  spar), 

4.700 

M. 

S.9S0 

M. 

lateofUad, 

6.800 

M. 

late  of  silver,  . 

S.3J0 

Kanten. 

— .|^X*  • 

2.900 
2.380 

M. 
M. 

mte  of  potash,      .        .        . 

2.400 

M. 

dronsgnlphatcofsod*,  . 

2.630 

KarxcD. 

nweofpotaah,     .         .         . 

2.TO0 

Kopp. 

natc  of  lead  (native), 

6.600 

M. 

leofpou»h,         .        .        . 

1.930 

H. 

le  of  baryta,    .        .    ■    . 

s.ise    - 

KanUid. 

leofstiODtia, 

2J»0 

te  of  lead,        .        .        . 

4.400 

" 

bdateoflead.       .        .        . 

6.700 

Gmelin. 

suteoflead,  .        .        . 

B-000 

" 

(lawofUme,        .        .        . 

6.000 

Kamten. 

inate  of  magnolia  (tpiael). 

8.700 

M. 

inate  of  line  (line  .pinel),   . 

4.700 

M. 

teofiireonift(«rcon|,    . 

4.400 

M. 

eof  Diagneeia(borecile).    . 

2.500 

M. 

TOO 
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TABLE    VIII. 

TABLB  OF  THE  TENSION  OF  THE  VAPOR  OF  ABSOLUTE  ALCOHOL, 

ACCORDING  TO  REGNAULT.* 


OC. 

Tension. 

OC. 

Traiion. 

OC. 

Tantion. 

OC. 

Tvmkn, 

o 

in.  n. 

o 

m.in. 

o 

IB.  n. 

0 

Bum. 

0.0 

12.78 

4.0 

16.62 

8.0 

21.31 

12.0 

27.19 

0.1 

12.82 

4.1 

16.78 

8.1 

21.46 

12.1 

27.36 

0.2 

12.91 

4.2 

16.84 

8.2 

21.68 

12.2 

27.53 

0.8 

18.01 

4.8 

16.95 

8.3 

21.72 

12.3 

27.70 

0.4 

13.10 

4.4 

17.06 

8.4 

21.86 

12.4 

27.87 

0.5 

13.19 

4.5 

17.16 

8.5 

21.99 

12.6 

28.04 

0.6 

13.28 

4.6 

17.27 

8.6 

22.12 

12.6 

28.21 

0.7 

13.37 

4.7 

17.88 

8.7 

22.26 

127 

28.88 

0.8 

13.46 

4.8 

17.48 

8.8 

22.89 

12.8 

28.55 

0.9 

13.56 

4.9 

17.69 

8.9 

22.62 

12.9 

28.72 

1.0 

18.65 

5.0 

17.70 

9.0 

22.66 

13.0 

28.89 

1.1 

18.74 

5.1 

17.82 

9.1 

22.80 

1.3.1 

29.07 

1.2 

13.84 

5.2 

17.93 

9.2 

22.94 

13.2 

29.25 

1.8 

13.93 

5.3 

18.04 

9.3 

23.08 

18.8 

29.43 

1.4 

14.08 

5.4 

18.16 

9.4 

23.23 

13.4 

29.61 

1.5 

14.12 

5.5 

18.27 

9.5 

28.37 

18.6 

29.79 

1.6 

14.22 

5.6 

18.88 

9.6 

23.61 

18.6 

29.97 

1.7 

14.31 

6.7 

18.50 

9.7 

23.66 

13.7 

30.15 

1.8 

14.41 

5.8 

18.61 

9.8 

23.79 

18.8 

80.23 

1.9 

14.60 

6.9 

18.73 

9.9 

23.94 

13.9 

80.51 

2.0 

14.60 

6.0 

,    18.84 

10.0 

24.08 

14.0 

30.69 

2.1 

14.70 

6.1 

18.96 

10.1 

24.23 

14.1 

30J8 

2.2 

14.79 

6.2 

19.0S 

10.2 

24.38 

14.2 

31.07 

2.3 

14.89 

6.3 

19.20 

10.3 

24.53 

14.3 

31.26 

2.4 

14.99 

6.4 

19.32 

10.4 

24.68 

14.4 

31.45 

2.5 

13.09 

6.5 

19.44 

10.5 

24.83 

14.5 

31.64 

2.6 

15.19 

6.6 

19.56 

10.6 

24.99 

14.6 

31.84 

2.7 

15.29 

6.7 

19.6S 

10.7 

25.14 

14.7 

32.03 

2.8 

15.39 

6.8 

19.S0 

10.8 

25.29 

14.8 

32.22 

2.9 

15.49 

6.9 

19.92 

10.9 

25.44 

14.9 

32.41 

3.0 

15.59 

7.0 

20.04 

11.0 

25.59 

15.0 

82.60 

3.1 

15.69 

7.1 

20.17 

11.1 

25.75 

16.1 

32.80 

8.2 

15.79 

7.2 

20.30 

11.2 

26.91 

15.2 

38.01 

8.3 

15.90 

7.3 

20.43 

11.3 

26.07 

15.3 

33.21 

3.( 

16.00 

7.4 

20.55 

11.4 

26.23 

16.4 

33.41 

3.5 

16.10 

7.5 

20.6S 

11.5 

26.39 

15.6 

33.61 

3.6 

16.21 

7.6 

20.81 

11.6 

26.55 

15.6 

33.S2 

3.7 

16.31 

7.7 

20.93 

11.7 

26.71 

15.7 

34.02 

8  S 

16.41 

7.8 

21.06 

11.8 

26.S7 

16.8 

3t.22 

3.9 

16.52 

7.9 

21.19 

11.9 

27.03 

16.9 

34.42 

*  This  table  is  calcalated  tnm  recent  ezperiments  (tf  RegnMilt. 
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oa 

TtaMko. 

oc. 

Taoiloii. 

oa 

Iteflon. 

oc. 

THMlon. 

o 

oi«m* 

o 

Oft*  Dft* 

o 

on.  ID. 

o 

ID.  in. 

16.0 

84.62 

20.0 

44.00 

24.0 

55.70 

28.0 

70.02 

16.1 

8484 

20.1 

44.27 

24.1 

66.04 

28.1 

70.49 

16.2 

85.05 

20.2 

44.54 

24.2 

56.87 

28.2 

70.89 

16.8 

85.27 

20.3 

44.81 

24.8 

56.70 

28.8 

71.29 

16.4 

85.48 

20.4 

45.08 

24.4 

57.08 

28.4 

71.69 

16.5 

85.70 

20.5 

45.35 

24.5 

67.87 

28.6 

72.09 

16.6 

85.91 

20.6 

45.61 

24.6 

67.70 

28.6 

72.49 

16.7 

86.13 

20.7 

45.88 

24.7 

68.08 

28.7 

72.89 

16.8 

86.34 

20.8 

'46.15 

24.8 

68.86 

28.8 

78.29 

16.9 

86.56 

20.9 

46.42 

24.9 

68.70 

28.9 

78.69 

17.0 

86.77 

21.0 

46.69 

25.0 

59.03 

29.0 

74.09 

17.1 

87.00 

21.1 

46.98 

25.1 

59.88 

29.1 

74.58 

17.2 

87.23 

21.2 

47.26 

25.2 

59.78 

29.2 

74.96 

17.8 

37.45 

21.8 

47.55 

25.8 

60.08 

29.8 

75.89 

17.4 

87.68 

21.4 

47.88 

25.4 

60.48 

29.4 

75.82 

17.5 

37.91 

21.5 

48.12 

25.5 

60.78 

29.5 

76.25 

17.6 

88.14 

21.6 

48.40 

25.6 

61.18 

29.6 

76.68 

17.7 

38.36 

21.7 

48.69 

25.7 

61.48 

29.7 

77.12 

17.8 

88.59 

21.8 

48.97 

25.8 

61.88 

29.8 

77.55 

17.9 

88.82 

21.9 

49.26 

25.9 

62.18 

29.9 
80.0 

77.98 
78.41 

18.0 

89.05 

22.0 

49.54 

26.0 

62.58 

18.1 

89.29 

22.1 

49.84 

26.1 

62.90 

18.2 

89.53 

22.2 

50.14 

26.2 

63.27 

18.8 

89.77 

22.8 

50.44 

26.8 

63.64 

18.4 

40.01 

22.4 

50.74 

26.4 

64.01 

18.5 

40.25 

22.5 

51.04 

26.5 

64.37 

18.6 

40.49 

22.6 

51.34 

26.6 

64.74 

18.7 

40.73 

22.7 

51.64 

26.7 

66.11 

18.8 

40-97 

22.8 

51.94 

26.8 

65.48 

18.9 

41.21 

22.9 

52.24 

26.9 

65.85 

19.0 

41.45 

23.0 

52.54 

27.0 

66.22 

19.1 

41.71 

23.1 

52.86 

27.1 

66.60 

19.2 

41.96 

28.2 

58.17 

27.2 

66.99 

19.8 

42.22 

28.8 

58.49 

27.8 

67.88 

19.4 

42.47 

28.4 

53.81 

27.4 

67.77 

19.5 

42.73 

28.5 

54.12 

27.5 

68.15 

19.6- 

42.98 

28.6 

54.44 

27.6 

68.54 

19.7 

48.24 

28.7 

54.75 

27.7 

68.98 

19.8 

48.49 

28.8 

55.07 

27.8 

69.81 

19.9 

48.75 

28.9 

55.88 

27.9 

69.70 
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TABLE    IX, 

TABLE  FOB  THE  TENSION  OF  AQUEOUS  VAPOB  FOB  TEMPERA- 
TUBES  FBOM  — «20  TO  +230O,  BY  BE6NAULT. 


TlMBptntarB. 

Tenikmiii 
OantiiMtNi. 

Tnptratare. 

TMMlonin 
OntiiiwtrM. 

Tnpcnttai*. 

'       Itetefai 

1     CentiiiiefaM. 

1 

o 
—82 

0.0820 

o 
+19 

1.6846 

-1-106 

90.6410 

80 

0.0886 

20 

1.7891 

110 

107.5870 

25 

0.0605 

21 

1^496 

116 

126.9410 

20 

0.0927 

22 

1.9659 

120 

149.1280 

16 

0.1400 

28 

2.0888 

126 

174.88S 

10 

0.2098 

24 

2.2184 

180 

203.028 

—  6 

0.8118 

26 

2.8660 

186 

285JI78 

0 

0.4600 

26 

2.4988 

140 

271.768 

-¥  1 

0.4940 

27 

2.6606 

146 

812.556 

2 

0.5802 

28 

2.8101 

160 

868.128 

8 

0.5687 

29 

2.9782 

166 

406.856 

4 

0.6097 

80 

8.1648 

160 

466.162 

6 

0.6584 

86 

4.1827 

166 

627.454 

6 

0.6998 

40 

6.4906 

170 

696.166 

7 

0.7492 

46 

7.1891 

176 

671.748 

8 

0.8017 

60 

9.1982 

180 

764.639 

9 

0.8574 

66 

11.7478 

186 

846.823 

10 

0.9165 

60 

14.8791 

190 

944.270 

11 

0.9792 

66 

18.6946 

196 

1051.968 

12 

1.0457 

70 

23.3098 

200 

1168.896 

18 

1.1162 

75 

28.8517 

205 

1295.566 

14 

1.1908 

80 

85.4648 

210 

1432.480 

15 

1.2699 

86 

43.8041 

216 

1580.188 

16 

1.3536 

90 

62.6450 

220 

1739.036 

17 

1.4421 

95 

63.3778 

225 

1909.704 

18 

1.5867 

100 

76.0000 

230 

2092.640 

Tension  of  Vapor  of  Water,  according  to  JDidong  and  Arago. 


Temperatare. 

Tenrion  in 
Atmoepberee. 

PresHQTvin 
Kilogrammee 

Onlc.m.* 

Tempentoie. 

Tension  in 
Atmo8phex«e. 

Preamnia 

KllognnuBMi 

on  1  c.  ■».* 

o 
100 

121.4 

135.1 

145.4 

160.2 

172.1 

190.0 

203.6 

214.7 

1 

2 

8 

4 

6 

8 

12 

16 

20 

1.033 

2.066 

3.099 

4.106 

6.198 

8.264 

12.396 

16.528 

20.660 

o 
226.3 

265.89 

811.36 

863.58 

423.57 

462.71 

492.47 

516.75 

25 

60 
100 
200 
400 
600 
800 
1000 

25.825 
51.660 

103.3 

206.6 

413.2 

619.8 

826.4 
1033.0 
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TAteLE    X. 

I 

TABLE  FOB  THE  TENSION  OF  AQUEOUS  VAPOB  FOB  TEMPEBA- 
TUBE8  FBOM  — 2o  TO  +350  C ,  ACCOBDING  TO  BEGNAULT. 


OC. 

TeoBlon. 

OC. 

Tension. 

OC 

Tension. 

OC. 

Tension. 

0 

in.  m. 

0 

in.  in. 

0 

m.  m. 

0 

m.m. . 

—2.0 

3.955 

-+-2.0 

6.302 

-+-6.0 

6998 

-hlO.O 

9.165 

1.9 

3.985 

2.1 

5.340 

6.1 

7.047 

10.1 

9.227 

1.8 

4.016 

2.2 

6.378 

6.2 

7.095 

10.2 

9.2S8 

1.7 

4.047 

2.3 

5.416 

6.3 

7.144 

10.3 

9.3:>0 

1.6 

4.078 

2.1 

5.454 

6.4 

7.193 

10.4 

9.412 

1.5 

4.109 

2.5 

5.491 

6.6 

7.242 

10.5 

9.474 

1.4 

4.140 

2.6 

5.530 

6.6 

7.292 

106 

9.537 

l.S 

4.171 

2.7 

5.569 

6.7 

7.342 

10.7 

9.601 

1.2 

4.203 

2.8 

5.608 

6.8 

7.392 

10.8 

9.665 

1.1 

4.235 

2.9 

5.617 

6.9 

7.442 

10.9 

9.728 

1.0 

4.267 

3.0 

5.687 

7.0 

7.492 

11.0 

9.792 

0.9 

4.299 

3.1 

6.727 

7.1 

7.544 

11.1 

9.857 

0.8 

4.331 

3.2 

5.767 

7.2 

7.695 

11.2 

9.923 

0.7 

4  364 

3.3 

6.807 

7.8 

7.647 

11.3 

9.989 

0.6 

4.397 

3.4 

5.848 

7.4 

7.699 

11.4 

10.054 

0.5 

4.430 

3.5 

5.889 

7.5 

7.751 

11.5 

10.120 

0.4 

4.463 

3.6 

6.930 

7.6 

7.804 

11.6 

10.187 

0.3 

4.497 

3.7 

6.972 

7.7 

7.857 

11.7 

10.265 

0.2 

4.531 

38 

6.014 

7.8 

7.910 

11.8 

10.322 

—0.1 

4.663 

8.9 

6.033 

7.9 

7.964 

11.9 

10.389 

0.0 

4.600 

4.0 

6.097 

8.0 

8.017 

12.0 

10.467 

+0.1 

4.6?3 

4.1 

6.140 

8.1 

8.072 

12.1 

10.326 

0.2 

4.667 

4.2 

6.183 

8.2 

8.126 

12.2 

10.596 

0.3 

4.700 

4.3 

6.226 

8.3 

8.181 

12.3 

10.663 

0.4 

4.7.13 

4.4 

6.270 

8.4 

8.236 

12.4 

10.734 

0.5 

4.767 

4.5 

6.313 

8.5 

8.291 

12.5 

10.804 

0.6 

4.801 

4.6 

6.357 

8.6 

8.347 

12.6 

10.875 

0.7 

4.836 

4.7 

6.401 

8.7 

8.404 

127 

10.947 

0.8 

4.871 

4.8 

6.445 

8.8 

8.461 

12.8 

11.019 

0.9 

4.905 

4.9 

6.490 

89 

8.517 

12.9 

11.090 

1.0 

4  910 

5.0 

6.534 

9.0 

8.574 

13.0 

11.162 

1.1 

4.973 

5.1 

6.580 

9.1 

8.6.32 

13.1 

11.235 

1.2 

5.011 

5.2 

6.625 

92 

8.690 

1.3.2 

11.309 

1.3 

5.047 

5.3 

6.671 

9.3 

8.748 

13.3 

11.883 

1.4 

6.082 

5.4 

6.717 

9.4 

8.807 

13.4 

11.456 

1.5 

• 

5.118 

5.5 

6.768 

9.5 

8.865 

13.6 

11.530 

1.6 

5.155 

5.6 

6.810 

9.6 

8.925 

13.6 

11.605 

1.7 

5.191 

5.7 

6.857 

9.7 

8.985 

13.7 

11.681 

1.8 

5.228 

5.8 

6.904 

9.8 

9.045 

13.8 

11.737 
11.832 

1.9 

5.265 

5.9 

6.931 

9.9 

9.105 

13.9 
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TABLB9. 


f 

^ 

OC. 

^ 

oa 

taMkA. 

OC. 

«^ 

o 

^^ 

o 

m.B. 

o 

m.m. 

o 

m.m. 

-hl4.0 

11.906 

-•-18.0 

15.357 

H-22.0 

19.659 

-+-26.0 

24.988 

14.1 

11.986 

18.1 

15.454 

22.1 

19.780 

26.1 

25.188 

14.2 

12.064 

18.2 

15.552 

22.2 

19.901 

26.2 

25.288 

14.3 

12.142 

18.3 

15.650 

22.8 

20.022 

26.3 

25.488 

14.4 

12.220 

18.4 

15.747 

22.4 

20.143 

26.4 

25.588 

14.5 

12.296 

18.5 

15.845 

22.5 

20.265 

26.5 

25.788 

14.6 

12.378 

18.6 

15.945 

22.6 

20.889 

26.6 

25.891 

14.7 

12.458 

18.7 

16.045 

22.7 

20.514 

26.7 

26.045 

14.8 

12.538 

18.8 

16.145 

22.8 

20.639 

26.8 

26.198 

14.9 

12.619 

18.9 

16.246 

22.9 

20.763 

26.9 

26.351 

15.0 

12.699 

19.0 

16.346 

23.0 

20.888 

27.0 

26.505 

15  1 

12.781 

19.1 

16.449 

23.1 

21.016 

27.1 

26.663 

15.2 

12.861 

19.2 

16.552 

23.2 

21.144 

27.2 

26J20 

15.3 

12.917 

19.3 

16.655 

23.8 

21.272 

27.8 

26.978 

13.4 

18.029 

19.4 

16.768 

23.4 

21.400 

27.4 

27.1S6 

15.5 

13.112 

19.5 

16.861 

23.5 

21.528 

27.5 

27.294 

15.6 

13.197 

19.6 

16.967 

23.6 

21.659 

27.6 

27.456 

15.7 

13.281 

19.7 

17.073 

23.7 

21.790 

27.7 

27.617 

15.8 

13..366 

19.8 

17.179 

23.8 

21.921 

27.8 

27.778 

15.9 

13.451 

19.9 

17.285 

23.9 

22.053 

27.9 

27.939 

16.0 

13.5.S6 

20.0 

17..S9I 

24.0 

22.184 

28.0 

28.101 

16.1 

13.623 

20.1 

17.500 

24.1 

22.819 

28.1 

28.267 

16.2 

13.710 

20.2 

17.608 

24.2 

22.453 

28.2 

28.433 

16.3 

13.797 

20.3 

17.717 

24.3 

22.588 

28.3 

28.599 

16.4 

13.885 

20.4 

17.826 

24.4 

22.723 

28.4 

28.765 

16.5 

13.972 

20.5 

17.935 

24.5 

22.858 

28.5 

28.931 

16.6 

14.062 

20.6 

18.047 

24.6 

22.996 

2S.6 

29.101 

16.7 

14.151 

20.7 

18.159 

24.7 

23.135 

28.7 

29.271 

16.8 

14.241 

20.8 

18.271 

24.8 

23.273 

28.8 

29.441 

16.9 

14.331 

20.9 

18.383 

24.9 

23.411 

28.9 

29.612 

17.0 

14.421 

21.0 

18.495 

25.0 

23.550 

29.0 

29.782 

17.1 

14.513 

21.1 

18.610 

25.1 

23.692 

29.1 

29.956 

17.2 

1 4.605 

21.2 

18.724 

25.2 

23.834 

29.2 

30.131 

17.3 

14.697 

21.3 

18.839 

25.8 

23.976 

29.3 

30.305 

17.4 

14.790 

21.4 

18.934 

25.4 

24.119 

29.4 

30.479 

17.5 

14.882 

21.5 

19.069 

25.5 

24.261* 

29.5 

80.654 

17.6 

14.977 

21.6 

19.187 

25.6 

24.406 

29.6 

80.833 

17.7 

15.072 

21.7 

19.305 

25.7 

24.552 

29.7 

81.011 

17.8 

15.167 

21.8 

19.423 

25.8 

24.697 

29.8 

81.190 

17.9 

15.2H2 

21.9 

1 

19.511 

25.9 

24.842 

29.9 

31.869 

TABLES. 
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OC. 

Teiukni. 

oc. 

Tenakm. 

oc. 

Tenakm. 

oc. 

Tendon. 

ID.  HI. 

o 

m.  m. 

o 

m.  m. 

o 

m.  m. 

H30.0 

81.548 

-4-31.0 

33.405 

+320 

85.359 

-+-33.0 

37.410 

80.1 

31.729 

81.1 

33.596 

32.1 

35.559 

33.1 

37.621 

80.2 

81.911 

81.2 

83.787 

82.2 

35.760 

33.2 

37.832 

80.3 

82.094 

81.3 

33.980 

82.3 

35.962 

83.8 

38.045 

80.4 

32.278 

81.4 

34.174 

32.4 

36.165 

33.4 

38.258 

30.5 

82.463 

31.5 

84.368 

32.5 

36.870 

38.5 

38.473 

30.6 

32.630 

31.6 

84.561 

32.6 

86.576 

33.6 

38.689 

30.7 

82.837 

31.7 

34.761 

32.7 

36.783 

83.7 

38.906 

30.8 

38.026 

31.8 

34.939 

32.8 

36.991 

83.8 

39.124 

309 

83215 

81.9 

35.159 

82.9 

87.200 

83.9 

39.344 

84.0 

89.565 

84.3 

40.230 

34.6 

40.907 

84.9 

41.595 

34.1 

89.786 

84.4 

40.455 

34.7 

41.135 

85.0 

41.827 

84.2 

40.007 

34.5 

40.680 

84.8 

41.364 

TABLE    XI. 

ABLE  FOB  THE  CALCULATION  OF  THE  VALUE  OP  1  +  0.00366 1.  '■ 


t. 

Nomber. 

Log 

t. 

Nomber. 

Log. 

o 
—2.0 

0.99268 

9.99681 

o 
0.0 

1.00000 

0.00000 

1.9 

0.99305 

9.99697 

-+-0.1 

1.00037 

0.00016 

1.8 

0.99:U1 

9.99713 

0.2 

1.00073 

0.00032 

1.7 

0.99378 

9.99729 

0.3 

1.00110 

0.00048 

1.6 

0.99414 

9.99745 

0.4 

1.00146 

0.00063 

1.5 

0.99451 

9.99761 

0.5 

1.00188 

0.00079 

1.4 

0.99488 

9.99777 

0.6 

1.00220 

0.00095 

1.8 

0.99324 

9.99793 

0.7 

1.00256 

0.00111 

1.2 

0.99561 

9.99809 

0.8 

1.00J93 

0.00127 

1.1 

0.99597 

9.99825 

0.9 

1.00.329 

0.00143 

1.0 

0.99634 

9.99841 

1.0 

1.00!t66 

0.00159 

0.9 

0.99671 

9.99S57 

1.1 

1.00  tos 

0.00175 

0.8 

l).99707 

9.99878 

1.2 

1.00489 

0.00191 

0.7 

0.99744 

9.991^88 

1.8 

1.00476 

0.00207 

0.6 

0.99780 

9.99904 

1.4 

1.00512 

0.00222 

0.5 

0.99817 

9.99920 

1.5 

1.00349 

0.002.S8 

0.4 

0.99854 

9.99937 

1.6 

1.00536 

0.00254 

0.8 

0  99890 

9.99952 

1.7 

1.00623 

0.00270 

0.2 

0.99927 

9.99968 

1.8 

1.00659 

0.00285 

-H).l 

0.99963 

9.99984 

1.9 

• 

1.00695 

0.00301 
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TABLES. 


1. 

Nnmber. 

Log 

1. 

KnmlMV. 

I^ 

0 

H-2.0 

1.007.32 

0.00317 

o 
-+-6.0 

1.02196 

0.0094S 

2.1 

1.00769 

0.00333 

6.1 

1.02238 

0.00959 

2.2 

1.00805 

0.00S4& 

6.2 

1.02269 

0.00975 

2.8 

1.00842 

000365 

6.3 

1.02806 

0.00991 

2.4 

1.00878 

0.00381 

6.4 

1.02342 

0.01006 

2.5 

1.00915 

0.00397 

6.5 

1.02879 

0.01022 

2.6 

1.00952 

0.00412 

6.6 

1.02416 

O.0I0S8 

2.7 

1.00988 

0.00428 

6.7 

1  02452 

0.01054 

2.8 

1.01025 

0.00444 

6.8 

1.02489 

0.01069 

2.9 

1.01061 

0.00459 

6.9 

1.02525 

0.01064 

8.0 

1.01098 

0.00474 

7.0 

1.02562 

0.01099 

8.1 

1.01185 

0.00490 

7.1 

1.02599 

0.01115 

8.2 

1.01171 

0.00506 

7.2 

1.02685 

O.OllSl 

8.8 

1.01208 

0.00521 

7.8 

1.02672 

0.01147 

8.4 

1.01244 

0.00537 

7.4 

1.02708 

0.01162 

8.5 

1.01281 

0.00553 

7.5 

1.02745 

0.01177 

8.6 

1.01818 

0.00568 

7.6 

1.02782 

0.0119S 

8.7 

1.01354 

0.00584 

7.7 

1.0-2818 

0.01208 

8.8 

1.01891 

0.00600 

7.8 

1.02855 

0.01223 

8.9 

1.01427 

0.00615 

7.9 

1.02891 

0.01238 

4.0 

1.01464 

0.00631 

8.0 

1.02928 

0.01253 

4.1 

1.01501 

0.00647 

8.1 

1.02965 

0.01269 

4.2 

1.01537 

0.00663 

8.2 

1.03001 

0.01264 

4.S 

1.01574 

0.00678 

8.3 

1.03038 

0.01300.    , 

4.4 

1.01610 

0.00694 

8.4 

1.03074 

0.01315 

4.5 

1.01647 

0.00710 

8.5 

1.03111 

0.01330 

4.6 

1.016S4 

0.00725 

8.6 

1.03148 

0.01846 

4.7 

1.01720 

0.00741 

8.7 

1.03184 

0.01361      ' 

4.S 

1       1.01757 

0.00756 

8.8 

1.03221 

0.01377 

4.9 

1.01793 

0.00772 

8.9 

1.03257 

0.01392 

5.0 

1.0IS30 

1 

0.00788 

9.0 

1.03294 

0.01407 

5.1 

1.01S67 

0.00803 

9.1 

1.03331 

0.01423 

1 

5.3 

1.01903 

0.00S19 

9.2 

1.03367 

0.01438 

5.8 

1.01940 

0.00834 

9.3 

1.03404 

0.01454 

5.4 

1.01976 

0  00850 

9.4 

1.03440 

0.01469     ; 

5.% 

1.02013 

0.00865 

9.5 

1.03477 

0.01484 

5.6 

1.O2O50 

0.00881 

9.6 

1.0.%14 

0.01500 

5.7 

1.02086 

0.00896 

9.7 

1.03550 

0.01515 

5.8 

1.1^123 

0.00912 

9.8 

1.08587 

0.01530     ' 

5.9 

1.02159 

0.00927 

9.9 

1.03623 

0.01545 

TABLES. 
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f. 

Namb«r. 

I^. 

u 

Nnmber. 

Log. 

-hlO.O 

1.03660 

0.01561 

-hU.O 

1.05124 

0.02170 

10.1 

1.03697 

0.01577 

14.1 

1.05161 

0.02185 

10.2 

1.03733 

0.01592 

14.2 

1.05197 

0.02200 

10.8 

1.03770 

0.01607 

14.3 

1.05234 

0.02215 

10.4 

1.03806 

0.01623 

14.4 

1.05270 

0.02280 

10.5 

1.03848 

0.01639 

14.5 

1.05307 

0.02246 

10.6 

1.03880 

0.01653 

14.6 

1.05344 

0.02261 

10.7 

1.03916 

0.01669 

14.7 

1.05380 

0.02276 

10.8 

1.0.1953 

0.01683 

14.8 

1.05417 

0.02291 

10.9 

1.03989 

0.01698 

14.9 

1.05453 

0.02806 

11.0 

1.01026 

0.01714 

15.0 

1.05490 

0.02321 

11.1 

1.04063 

0.01729 

13.1 

1.05527 

0.02336 

11.2 

1.04099 

0.01744 

15.2 

1.05563 

0.02351 

11.8 

1.04136 

0.01759 

15.3 

1.05600 

0.02866 

11.4 

1.04172 

0.01775 

15.4 

1.05636 

0.02381 

11.5 

1.04209 

0.01790 

15.5 

1.05673 

0.02896 

11.6 

1.04246 

0.01805 

15.6 

1.05710 

0.02411 

11.7 

1.04282 

0.01820 

15.7 

1.05746 

0.02426 

11.8 

1.04319 

0.01836 

15.8 

1.05783 

0.02441 

11.9 

1.04355 

0.01851 

15.9 

1.05819 

0.02456 

12.0 

1.04392 

0.01867 

16.0 

1.05856 

0.02471 

12.1 

1.04429 

0.01882 

16.1 

1.05893 

0.02486 

12.2 

1.04465 

0.01897 

16.2 

1.05929 

0.02501 

12.3 

1.04502 

0.01912 

16.3 

1.05966 

0.02316 

12.4 

1.04588 

• 

0.01928 

16.4 

1.06002 

0.02531 

12.5 

1.04575 

0.01943 

16.5 

1.06039 

0.02546 

12.6 

1.04612 

0.01958 

16.6 

1.06076 

0.02561 

12.7 

1.04648 

0.01973 

16.7 

1.06112 

0.02576 

12.8 

1.04685 

0.01989 

16.8 

1.06149 

0.02591 

12.9 

1.04721 

0.02004 

16.9 

1 

1.06185 

0.02606 

13.0 

.  1.04758 

0.02019 

17.0 

1.06222 

0.02621 

13.1 

1.04795 

0.02034 

17.1 

1.06259 

0.02636 

13.2 

1.04831 

0.02049 

17.2 

1.06295 

0.02651 

13.3 

1.04868 

0.02064 

17.3 

1.06332 

0.02666 

13.4 

1.04904 

0.02079 

17.4 

1.06368 

0.02681 

13.5 

1.01941 

0.02095 

ll5 

1.06405 

0.02696 

13.6 

1.01978 

0.02110 

17.6 

1.06442 

0.02711 

13.7 

1.05014 

0.02125 

17.7 

1.06478 

0.02726 

13.8 

1.05051 

0.02140 

17.8 

1.06515 

0.02741 

13.9 

1.05087 

002155 

17.9 

1.06551 

0.02756 

60 


710 


TABLES. 


f. 

^ 

Log 

t. 

MwBlMrw 

L«». 

-+-18.0 

1.06588 

0.027T1 

+22.0 

1.08052 

OittMS 

18.1 

1.06625 

0.02786 

22.1 

1.08089 

0.08S78 

18.2 

1.06661 

0.02801 

28.2 

1.08125 

ojfoasz 

18.8 

1.06698 

0.02816 

28.3 

1.08162 

0.08408 

18.4 

1.06784 

0.02831 

28.4 

1.08198 

0.0S422 

18.5 

1.06771 

0.02846 

22.5 

1.08285 

OUNUS? 

18.6 

1.06808 

0.02861 

82.6 

1.06272 

0Xtt452 

18.7 

1.06844 

0.02876 

82.7 

1.08308 

0.0S466 

18.8 

1.06881 

0.02891 

22.8 

1.08845 

0.03481 

18.9 

1.06917 

0.02906 

82.9 

1.08881 

0J08496 

19.0 

1.06954 

0.02921 

2S.0 

1.08418 

OX»310 

19.1 

1.06991 

0.02936 

2S.1 

1.08453 

0.03525 

19.2 

1.07027 

0.02951 

23.8 

1.06491 

0.03539 

19.3 

1.07064 

0.02965 

2341 

1.06628 

0.03554 

19.4' 

1.07100 

0.02980 

28.4 

1.08564 

0.03568 

19.5 

1.07137 

0.02995 

2S.5 

1.08601 

Oi»583 

19.6 

1.07174 

0.08009 

28.6 

1.08688 

0X)3698 

19.7 

1.07210 

0.03024 

23.7 

1.08674 

O.OS612 

19.8 

1.07247 

0.03039 

28.8 

1.08711 

0.03627 

19.9 

1.07288 

0.03053 

2S.9 

1.08747 

0J036A1 

20.0 

1.07320 

0.03068 

24.0 

1.08784 

0.03656 

20.1 

1.07357 

0.03083 

24.1 

1.08821 

0.03671 

20.2 

1.07393 

0.03098 

24.2 

1.08S57 

0.036S5 

20.3 

1.07430 

0.03113 

24.3 

1.08694 

O.O37O0 

• 

20.4 

1.07466 

0.03128 

24.4 

1.08930 

0.03714 

20.6 

1.07503 

0.03142 

24.5 

1.08967 

0.03r29 

20.6 

1.07540 

0.03157 

24.6 

1.09004 

0.08744 

20.7 

1.07576 

0.03172 

24.7 

1.09040 

0.03758     1 

20.8 

1.07613 

0.03187 

24.8 

1.09077 

0.03772 

20.9 

1.07649 

0.03201 

24.9 

1.09113 

0.037S7 

r 

21.0 

1.07686 

0.03216 

25.0 

1.09160 

0.03802 

21.1 

1.07723 

0.03231 

25.1 

1.09187 

0.03817 

21.2 

1.077 j9 

0.03246 

25.2 

1.09223 

0.038.11 

21.3 

1.07796 

0.03261 

25.3 

1.09260 

0.03846 

21.4 

1.07832 

0.08275 

25.4 

1.09296 

0.03860     , 

21.5 

1.07869 

0.08290 

2.). 5 

1.093SS 

0.03875 

21.6 

1.07906 

0.03805 

25.6 

1.09870 

0.088S!» 

21.7 

1.07942 

0.03320 

25.7 

1.09406 

0.03904 

21.8 

1.07979 

0.03.334 

25.8 

1.09443 

0.03918 

21.9 

1.08015 

0.03349 

25.9 

1.09479 

0.03933 

TABLES. 
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t. 

NamlMr. 

Log 

<. 

NamlMr. 

I^- 

-+-26.0 

1.09616 

0.08948 

4-80.0 

1.10980 

0.04624 

26.1 

1.09558 

0.03963 

8oa 

1.11017 

0.04638 

26.2 

1.09589 

0.03977 

80.2. 

1.11058 

0.04652 

26.8 

1.09626 

0.03992 

80.8 

1.11090 

0.04567 

26.4 

1.09662 

0.04006 

80.4 

1.11126 

0.04581 

26.5 

1.09699 

0.04021 

80.5 

1.11163 

0.04595 

266 

1.09736 

0.04085 

80.6 

1.11200 

0.04610 

26.7 

1.09772 

0.04050 

80.7 

1  11236 

0.04624 

26.8 

1.09809 

0.04064 

80.8 

1.11273 

0.04688 

26.9 

1.09845 

0.04079 

80.9 

1.11809 

0.04653 

27.0 

1.09882 

0.04093 

81.0 

1.11346 

0.04667 

27.1 

1.09919 

0.04107 

81.1 

1.11388 

0.04681 

27.2 

1.09955 

0.04122 

81.2 

1.11419 

0.04695 

27.8 

1.09992 

0.04136 

81.8 

1.11456 

0.04710 

27.4 

1.10028 

0.04150 

81.4 

1.11492 

0.04724 

27.5 

1.10063 

0.04165 

81.5 

1.11529 

0.04738 

27.6 

1.10102 

0.04179 

81.6 

1.11566 

0.04758 

27.7 

1.101.H8 

0.04193 

81.7 

1.11602 

0.04767 

27.8 

1.10175 

0.04208 

81.8 

1.116:)9 

0.04781 

27.9 

1.10211 

0.04222 

81.9 

1.11675 

0.04796 

28.0 

1.10248 

0.04287 

82.0 

1.11712 

0.04810 

28.1 

1.10285 

0.04251 

82.1 

1.11749 

0.04824 

28.2 

1.10:^21 

0.04266 

82.2 

1.11785 

0.04838 

28.3 

1.10358 

0.04280 

82.8 

1.11822 

0.04852 

28.4 

1.10394 

0.04*295 

82.4 

1.11858 

0.04866 

28.5 

l.l04:a 

0.04309 

82.5 

1.11895 

0.04881 

28.6 

1.10468 

0.043*23 

82.6 

1.11932 

0.04895 

28.7 

1.10504 

0.04838 

82.7 

1.11968 

0.04909 

28.8 

1.10541 

0.04352 

82.8 

1.12005 

0.04923 

28.9 

1.10577 

0.04367 

82.9 

1.12041 

0.04988 

29.0 

1.10614 

0.04881 

88.0 

1.12078 

0.04952 

29.1 

1.10651 

0.04395 

33.1 

1.12115 

0.04966 

29.2 

1.10687 

0.04410 

83.2 

1.12151 

0.04980 

29.8 

1.10724 

0.04424 

88.8 

1.12188 

0.04994 

29.4 

1.10760 

0  04439 

88.4 

1.1*2224 

0.05008 

29.6 

1.10797 

0.04458 

88.5 

1.12261 

0.05022 

29.6 

1.10384 

0.04467 

88.6 

1.12298 

0.05036 

29.7 

1.10870 

0.04482 

83.7 

1.12834 

0.05050 

29.8 

1.10907 

0.04496 

83.8 

1.12871 

0.05066 

29.9 

1.10948 

0.04510 

88.9 

1.12407 

0.05079 
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TABLES. 

t. 

Nombw. 

I*«. 

(. 

Nmnber. 

Log. 

-1-34.0 

1.12444 

0.05094 

o 
-+-37.0 

1.13542 

0.05516 

84.1 

1.12481 

0.05108 

87.1 

1.13579 

0.05530 

84.2 

1.12517 

0.05122 

37.2 

1.13615 

0.05544 

84.8 

1.12554 

0.05136 

37.3 

1.13652 

0.05558 

34.4 

1.12590 

0.05150 

87.4 

1.13688 

0.0557S 

84.5 

1.12627 

0.05164 

87.5 

1.13725 

0.05585 

846 

1. 12664 

0.05178 

87.6 

1.13762 

0.05599 

84.7 

1.12700 

0.05193 

87.7 

1.13798 

0.05618 

84.8 

1.12737 

0.05207 

87.8 

1.18835 

0.05627 

84.9 

1.12778 

0.05221 

87.9 

1.13871 

0.05641 

85.0 

1  12810 

0.05285 

38.0 

1.13908 

0.05655 

85  1 

1. 12847 

0.05249 

88.1 

1.18945 

0.05669 

85.2 

1.12883 

0.05263 

88.2 

1.13981 

0.05688 

85.3 

1  12920 

0.05277 

88.8 

1.14018 

0.05697 

85.4 

1.12956 

0.05291 

38.4 

1.14054 

0.05711 

85.5 

1.12993 

0.05805 

88.5 

1.14091 

0.05725 

85.6 

1.18030 

0.05319 

88.6 

1.14128 

0.05739 

85.7 

1.18066 

0.05383 

88.7 

1.14164 

0.05753 

85.8 

1.13103 

0.05847 

88.8 

1.14201 

0.05767 

83.9 

1.13139 

0.05361 

38.9 

1.14237 

•     0.05781 

36.0 

1.13176 

0.03375 

39.0 

1.14274 

0.05795 

86.1 

1.13213 

0.05389 

39.1 

1.14311 

0.05809 

86.2 

1.13249 

0.05403 

39.2 

1.14347 

0.05823 

36.3 

1.13286 

0.05417 

89.3 

1.14384 

0.05837 

36.4 

1.13322 

0.05431 

39.4 

1.14420 

0.05850 

36.5 

1.13359 

0.05446 

39.5 

1.14457 

0.05864 

36.6 

1.13396 

0.05460 

39.6 

1.14494 

0.05878 

86.7 

1.13432 

0.0.3474 

39.7 

1.14.530 

0.05892 

86.8 

1.13469 

0.05488 

39.8 

1.14567 

0.05905 

86.9 

1.13505 

0.05502 

89.9 

1.14603 

1 

0.05919 

40 

1.14640 

0.05934 

50 

1.18.300 

0.07298      , 

41 

1.15006 

0.06072 

51 

1.1  %66 

0.07433      1 

42 

1.15372 

0.06210 

52 

1.19032 

0.07566 

43 

1.157.38 

0.06318 

53 

1.19398 

0.07700      , 

44 

1.16104 

0.06485 

54 

1.19764 

0.07838 

45 

1.16470 

0.06621 

55 

1.20130 

0.07965 

46 

1. 16^^36 

0.06758 

56 

1.20196 

0.0S097 

47 

1.17202 

0.06893 

67 

1.20862 

0.0<i229 

48 

1.17.168 

0.07029 

58 

1.21228 

0.08S60 

49 

1.17934 

0.07164 

59 

1.21594 

0.08491 

TABLES. 
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TABLE    XII. 

TABLE  FOB  THE  CALCULATION  OF  THE  VALUE  OF  I  +  0.00367  t. 


u 

log. 

DiflT 

t. 

log. 

IMff. 

<. 

log. 

IMff. 
105 

60 

0.08648 

131 

100 

0.18577 

117 

140 

0.18007 

61 

0.08772 

131 

101 

0.18698 

116 

141 

0.18112 

105 

62 

0.08903 

131 

102 

0.18809 

116 

142 

0.18217 

105 

68 

0.09033 

ISO 

103 

0.13925 

116 

148 

0.18822 

105 

64 

0.09162 

129 

104 

0.14011 

116 

144 

0.18426 

104 

65 

0.09291 

129 

105 

0.14156 

115 

145 

0.18630 

104 

66 

0.09420 

129 

106 

0.14271 

115 

146 

0.18684 

104 

67 

0.09548 

128 

107 

0.14385 

114 

147 

0.18738 

104 

68 

0.09676 

128 

108 

0.14499 

114 

148 

0.18841 

103 

69 

0.09803 

127 

109 

0.14618 

114 

149 

0.18944 

103 

70 

0.09930 

127 

110 

0.14727 

114 

130 

0.19017 

103 

71 

0.10037 

127 

111 

0.14841 

114 

151 

0.19150 

102 

72 

0.10183 

126 

112 

0.14954 

113 

152 

0.19232 

102 

78 

0.10309 

126 

113 

0.15067 

118 

158 

0.19334 

102 

74 

0.10434 

125 

114 

0.15179 

112 

154 

0.19456 

102 

75 

0.10559 

123 

115 

0.15291 

112 

153 

0.19338 

102 

76 

0.10684 

125 

116 

0.15403 

112 

136 

0.19660 

102 

77 

0.10S09 

125 

117 

0.15515 

112 

157 

0.19761 

101 

78 

0.10933 

124 

118 

0.15626 

111 

158 

0.19862 

101 

79 

0.11057 

124 

119 

0.15787 

111 

159 

0.19963 

101 

60 

0.11180 

123 

120 

0.15848 

111 

160 

0.20068 

100 

81 

0.1130:) 

123 

121 

0.15959 

111 

161 

0.20168 

100 

82 

0.11426 

123 

122 

0.160H9 

110 

162 

0.20263 

100 

83 

0.11548 

122 

123 

0.16179 

no 

163 

0.20.363 

100 

84 

0.11670 

122 

124 

0.16289 

110 

164 

0.20463 

100 

85 

0.11792 

122 

123 

0.16398 

109 

165 

0.20562 

99 

86 

0.11913 

121 

126 

0.16507 

109 

166 

0.20661 

99 

87 

0.120.34 

121 

127 

0.16616 

109 

167 

0.20760 

99 

88 

0.12155 

121 

128 

0.16725 

109 

163 

0.20859 

99 

89 

0.12275 

120 

129 

0.16838 

108 

169 

0.20958 

99 

90 

0.12895 

120 

130 

0.16941 

108 

170 

0.21056 

98 

91 

0.12513 

120 

131 

0.17049 

108 

171 

0.21154 

98 

92 

0.12634 

119 

1.32 

0.17156 

107 

172 

0.21252 

98 

93 

0.12753 

119 

133 

0.17263 

107 

173 

0.21850 

98 

94 

0.12872 

119 

184 

0.17370 

107 

174 

0.21447 

97 

95 

0.12990 

118 

135 

0.17477 

107 

173 

0.21344 

97 

96 

0.18108 

118 

186 

0.17584 

107 

176 

0.21611 

97 

97 

0.13226 

118 

187 

0.17690 

106 

177 

0.21738 

97 

98 

0.13343 

117 

138 

0.17796 

106 

178 

0.21834 

96 

99 

0.13460 

117 

139 

0.17902 

106 

179 

0.21930 

96 

60 
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TABLES. 


t. 

log. 

Diff. 

t. 

log. 

Difl. 

t. 

log. 

1 
DHL 

180 

0.22026 

96 

220 

0.25705 

88 

260 

0.29027 

82 

181 

0.22122 

96 

221 

0.25798 

88 

261 

0.29178 

81 

182 

0.22218 

96 

222 

0.25881 

88 

262 

0.29260 

82 

188 

0.22814 

96 

223 

0.25969 

88 

268 

0.29341 

81 

184 

0.22409 

95 

224 

0.26057 

88 

264 

0.29422 

81  ! 

185 

0.22504 

95 

226 

0.26144 

87 

265 

0.2960S 

81 

186 

0.22599 

95 

226 

0.26231 

87 

266 

0.29584 

81 

187 

0.22698 

94 

227 

0.26818 

87 

267 

0.29664 

80 

188 

0.22787 

94 

228 

0.26405 

87 

268 

0.29745 

81 

189 

0.22882 

95 

229 

0.26492 

87 

269 

0.29825 

80 

190 

0.22976 

94 

230 

0.26578 

86 

270 

0.29905 

80 

191 

0.23070 

94 

281 

0.26665 

87 

271 

0.29985 

SO 

192 

0.23163 

93 

232 

0.26751 

86 

272 

0.30064 

79 

193 

0.23257 

94 

238 

0.26887 

86 

278 

0.30144 

80 

194 

0.23350 

93 

234 

•  0.26922 

85 

274 

0..30224 

hO 

195 

0.23148 

98 

235 

0.27008 

86 

275 

0.30303 

79 

196 

0.23586 

93 

236 

0.27094 

86 

276 

0.30883 

80 

197 

0.23628 

92 

237 

0.27179 

85 

277 

0.30462 

79 

198 

0.23721 

93 

2.38 

0.27264 

85 

278 

0.30541 

79 

199 

0.28813 

92 

239 

0.27349 

85 

279 

0.80620 

79 

200 

0.23905 

92 

240 

0.27434 

85 

280 

0.30698 

78 

201 

0.23997 

91 

241 

0.27519 

85 

281 

0.30776 

73 

202 

0.24088 

92 

242 

0.27603 

84 

282 

0..30855 

79 

203 

0.24180 

91 

243 

0.27688 

85 

283 

0.30933 

78   ; 

204 

0.24271 

91 

244 

0.27772 

84 

284 

0.31011 

78  [ 

205 

0.24362 

91 

245 

0.27856 

84 

285 

0.31089 

78' 

206 

0.24  453 

91 

246 

0.27940 

84 

286 

0.31167 

78 

1 

207 

0.24544 

90 

247 

0.28023 

83 

287 

0.31245 

78  1 

208 

0.24634 

92 

.    248 

,0.28107 

84 

288 

0.31323 

78' 

209 

0.24724 

90 

249 

0.28190 

83 

289 

0.31400 

1 

77 

1 

210 

0.24814 

90 

250 

0.28274 

84 

290 

0.31477 

1 
77  1 

211 

0.24904 

90 

251 

0.28357 

83 

291 

0.31554 

77 

212 

0.24994 

90 

252 

0.28439 

82 

292 

0.31631 

77  , 

213 

0.25084 

90 

253 

0.28522 

83 

293 

0.31708    ' 

77 

214 

0.25173 

89 

254 

0.28605 

83 

294 

0.31785 

77 

215 

0.25262 

89 

255 

0.28687 

82 

295 

0.31862 

77 

216 

0.25351 

89 

256 

0.28769 

82 

296 

0.31938 

76 

217 

0.25440 

89 

257 

0.28851 

82 

297 

0.32014     1 

76! 

218 

0.2.5529 

89 

268 

0.28933 

82 

298 

0.32091 

77 

219 

0.25617 

88 

259 

0.29015 

82 

299 

0.32167 

76 

TABLES. 
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TABLE    XIII, 

Mxpansian  of  GUm, 
ABLE  FOB  THE   CALCULATION  OF  THE  VALUE  OF  1  +ir(<' 


-0. 


V—u 

log. 

Difl. 

f  — «. 

log. 

DUE. 

100 

0.00117 

200 

0.00234 

12 

no 

0.00129 

12 

210 

0.00246 

12 

120 

0.00140 

11 

220 

0.00257 

11 

130 

0.00152 

12 

230 

0.00269 

12 

no 

0.00164 

12 

240 

0.00281 

12 

150 

0.00176 

12 

250 

0.00298 

12 

160 

0.00187 

11 

260 

0.00304 

11 

170 

0.00199 

12 

270 

0.00316 

12 

180 

0.00211 

12 

280 

0.00328 

12 

190 

0.00222 

11 

290 

0.00339 

H 

TABLE    XIV. 

ABLE  FOR  THE  CALCULATION  OF  THE  WEIGHT  OF  ONE  CUBIC 

CENTIMETRE   OF   AIR. 

Weight  at  0**  =  0.0012932.  ^o  =  76  c  m. 


t. 

log. 

JML 

1. 

log. 

Diff. 

0 

7.11166 

o 

15 

7.08789 

151 

1 

7.11007 

159 

16 

7.08688 

151 

2 

7.10848 

159 

17 

7.08538 

150 

8 

7.10690 

158 

18 

7.08388 

150 

4 

7.10533 

157 

19 

7.09239 

149 

6 

7.10376 

157 

20 

7.08090 

149 

6 

7.10220 

156 

21 

7.07942 

148 

7 

7.10064 

156 

22 

7.07794 

148 

8 

7.09909 

155 

28   • 

7.07647 

147 

9 

7.09755 

154 

24 

7.07500 

147 

10 

7.09601 

154 

25 

7.07854 

146 

11 

7.09447 

154 

26 

7.07208 

146 

12 

7.09294 

153 

27 

7.07063 

145 

13 

7.09142 

152 

28 

7.06918 

145 

14 

7.08990 

152 

29 

7.06774 

144 

The  following  corrections  mast  be  added  to  the  above  logarithms  when  the  barometer 
nds  higher  than  76  c.  m.,  and  subtracted  from  them  when  it  stands  lower.  The 
Tection  for  tenths  and  hundredths  of  centimetres  is  found  by  moving  the  decimal 
int  one  or  two  figures  to  the  left 

f.  in  c.  m.  Corr.  Diff.  in  c.  m.  Corr.  DIff.  in  e.  m. 


1 
2 
3 


0.0057 
0.0114 
0.0171 


4 
5 
6 


0.0228 
0.0285 
0.0342 


7 
8 
9 


Corr. 
0.0399 
0.0456 
0.0313 
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TABLE    XV. 

EXPANSION   OF   SOLIDS. 


Name  of  Sabstanoe. 

Interral  of 

Amount  of  SzpaisiaD. 

TenipenUure. 

Dedmal  Fractions. 

YolgarFncl. 

Linear  Expansion 

determined  by  Lavoisier  and  Lajdace. 

English  Flint-Gla^s, 

0°  to  lOOO 

0.00081166 

"oVf 

Glass  tube  (withoat  lead). 

( 

0.00087572 

ttVj 

Steel  (not  hardimed),     . 

0.00107880 

Fir 

Steel  (hardoued), 

0.00123956 

Fir 

Soft  Iron,       .... 

0.00122045 

b{7 

Gold, 

0.00146606 

'^ki 

Copper,          .... 

0.00171220 

sir 

Brass,         .... 

0.00186760 

TTT 

Silver, 

0.00190868 

Tk 

Tin, 

0.00193765 

TTf 

Lead, 

0.00284836 

tIt 

I 

^y  Dulong  and  Petit 

• 

Platinum,      .... 

C  0°  to  100° 
(0     to  300 

0.00088420 

1 

1 13 1 

0.00275482 

7^7 

CO    to  100 

0.00086138 

tt'bt 

Glass,         .... 

^0     to  200 

0.00184302 

Tir 

(0    to  300 

0.00303252 

^ 

Iron, 

(0    to  100 
1  0     to  300 

0.00118210 

1 

'f>4  6 

0.00440528 

^ 

Copper,      .... 

(0     to  100 
jo     to  300 

By  Wollaston. 

0.00171820 
0.00364972 

Palladium,     .         .         .         .     { 

0°  to  100° 

0.00100000 

Wj«t 

By  Bnmnei 

•.  —  Expansion  for  < 

one  Dffjree. 

Ice, 

-6°  to  OO 

0.0300375 

-rfr 

Cubic  Expansion  determined  by  Kopp 


Substance.         Formula.  ^"0^^?^°* 


Copper, 

lA*ad, 

Tin, 

Iron, 

Zinc, 

Cadmium, 

Bismuth, 

Antimony, 

Sulphur, 

Galena, 

Zinc-blende, 

Iron 'pyrites, 

Untile; 

Tin  stone, 

ovo, 


Cu 

0.000051 

Pb 

0.000089 

Sn     i 

0.000069 

Fe 

0  000037 

Zn     , 

0.000089 

Cd 

0.000094 

Bi 

0.000040 

Sb 

0.000033 

S 

0.000183 

PbS 

0.0(H)068 

ZnS 

0.000036 

FeSi 

0.000034 

TiOi 

0.000032 

SnOa 

0.000016 

FeaOa 

0.000040 

Substance. 


Formula. 


\ 


^^^^Ov    Q.wjKsKjaa 


Fluor-spar, 
Aragonite, 
Calc-spar, 

Bitter-spar, 

Iron-spar, 

Heavy-spar, 
Celestine, 

Quartz, 

Orthoclase, 

Soft  soda  glass, 
Another  sort, 
^-w^i  potash 


CaF 

CaO,  QOi 

CaO,  CUa 

j        CaO.  COs      I 

I   +MeO,  C(h      S 

jFc(Mn,Mg)0,  I 

\  CO,  ( 

BaO,  SO3 

SrO,  SO3 

SiOa  j 

(        KO,  SiOs       I 
I  -I-  AI.O3,  3  SiOs  ( 


CuK  Kspan. 
for  P  0. 

0.O00»)62 
0.000065 
0.000018  , 

0.000035 

0.000035 

0.<X)0C»58 
0.01KX)6l 
0.000042 

O-Oooa-^S 

0.(X>0f>26 
0.000017 
0.000026 
0.000024 


f 


0.000021 


TABLE    XVI. 
VOLUME  AMD  DENSITY  OF  WATER.- 


Tmpm- 

VdIodib  of  ■»■«!« 
{«1F=1|. 

6p.  Or.  of  W.ttr         Vulun 

V"  n 

^'"(uV'iTr" 

1.00000 

i.oimooo            1 

00012 

0.999877 

0.99995 

1.000053                   1 

OOOOT 

0.999930 

O.B99ai 

1.000092                   1 

00003 

0.999969 

0.99089 

1.0001  IS                   1 

OOOOI 

0.999992 

0.99988 

1.000123                   1 

OOOOO 

1.000000 

0.9>*98a 

1.000117                   1 

OOOOI 

0.999994 

0.99990 

1.000097                   I 

00003 

0.999973 

0.99991 

1.000062                   1 

00006 

0.999939 

0.99999 

1.000014                   I 

00011 

0.999890 

I.OOOOS 

0.999952                   1 

OD0I7 

0.999829 

I.O00I2 

0.999878                   1 

00025 

0.999733 

1.00021 

0.999785                   1 

00034 

0.999661 

l.OOOSl 

0.99968S                   1 

00044 

'0.999562 

1.000 13 

0.999572                   1 

00055 

0.999149 

1.O0O-.B 
1.00070 

0.999145                   1 
0.999308                   1 

O0OS9 
00082 

0.999322 
0.999183 

1.000S5 

0.999155                   I 

00097 

0.9990.12 

1.00101 

0.998992                   1 

00113 

0.998969 

18 

1.00118 

0.998817                   1 

00131 

0.99B695 

1.00137 

0.998631                   1 

00149 

0.998509 

1.00157 

0.998435                   1 

00189 

0.99,8312 

1.001 78 

0.998228                   1 

00190 

0.998104 

22 

1.00200 

0.998010                   1 

00212 

0.997886 

28 

1.00233 

0.997780                   1 

00233 

0.997657 

84 

1.00217 

0.997541                   1 

002  .i9 

0.997119 

25 

1.00271 

0.997293                   1 

00284 

0.997170 

2fi 

1.00295 

n.99T03S                   I 

O031O    . 

0.996912 

27 

1.00319 

0.996767                   1 

OOaST 

0.996641 

38 

1.00317 

0.996189                   1 

00305 

0.998367 

29 

1. 00376 

0.999202                   1 

00393 

0.996082 

SO 

35 

1.00406 
1.00S70 

0.99B908                   1 

00423 

0.995787 

40 
45 

1.00753 
1.00954 

60 

1.01177 

S5 

1.01410 

60 

1.01669 

63 

1.01930 

10 

1.0Z22B 

7B 

1.02641 

BO 

1.02858 

66 

1.0318S 

90 

1.03SIO 

93 

1.03909 

100 

1.01299 

i 
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TABLES. 


TABLE    XVII. 

FOR  CONVERTING  DEGREES  OP  THE  CENTIGRADE  THERMOMS- 
TER  INTO  DEGREES  OF  FAHRENHEIT'S  SCALE. 


Ont 

fUur. 

Cent 

o 

—58 

Fahr. 

Cent. 

fwhx. 

Oent. 

Fahr. 

GcQt. 

IWir. 

—100° 

— us'-o 

— 72°4 

o 

—16 

+S°2 

H-26* 

+78°8 

-1-68* 

+154.4 

99 

146.2 

67 

70.6 

15 

5.0 

27 

80.6 

66 

1S6.2 

98 

144.4 

56 

68.8 

14 

6.8 

28 

82.4 

70 

168.0 

97 

142.6 

55 

67.0 

13 

8.6 

29 

84.2 

71 

159.8 

96 

140.8 

54 

65.2 

12 

10.4 

30 

86.0 

72 

161.6 

95 

139.0 

53 

63.4 

11 

12.2 

31 

87.8 

73 

1634 

94 

1.37.2 

52 

61.6 

10 

14.0 

32 

89.6 

74 

165.2 

93 

135.4 

51 

59.8 

9 

15.8 

S3 

91.4 

75 

167.0 

92 

133.6 

50 

58.0 

8 

17.6 

34 

98.2 

76 

168.8 

91 

131.8 

49 

56.2 

7 

19.4 

35 

95.0 

77 

170.6 

90 

130.0 

48 

54.4 

6 

21.2 

36 

tfO.o 

78 

172.4 

89 

128.2 

47 

52.6 

5 

23.0 

87 

98. o 

79 

174.2 

88 

126.4 

46 

50.8 

• 

4 

21.8 

83 

100.4 

80 

176.0 

87 

124.6 

45 

49.0 

3 

26.6 

39 

102.2 

81 

177.8 

86 

122.8 

44 

47.2 

2 

28.4 

40 

104.0 

82 

179.6 

85 

121.0 

43 

45.4 

—  1 

30.2 

41 

105.8 

83 

181.4 

84 

119.2 

42 

48.6 

0 

82.0 

42 

107.6 

84 

183.2 

83 

117.4 

41 

41.8 

+  1 

33.8 

43 

109.4 

85 

185.0 

82 

115.6 

40 

40.0 

2 

33.6 

44 

111.2 

86 

186  8 

81 

113.S 

89 

38.2 

3 

37.4 

45 

1130 

87   1 

188.6 

80 

112.0 

38 

36.4 

4 

39.2 

46 

114.8 

88  1 

190.4 

79 

1102 

37 

31.6 

5 

41.0 

47 

116.6 

89  ' 

192.2 

78 

108.4 

36 

32.8 

6 

42.8 

48 

118.4 

90 

194.0 

77 

106.6 

33 

31.0 

7 

44.6 

49 

120.2 

91 

195.8 

76 

104.8 

34 

29.2 

8 

46.4 

60 

122.0 

92 

197.6 

75 

103.0 

33 

27.4 

9 

48.2 

51 

123.8 

93 

199.4 

74 

101.2 

32 

25.6 

10 

50.0 

52 

125.6 

94 

201.2 

73 

99.4 

31 

23.8 

11 

61.8 

53 

127.4 

93 

208.0 

72 

97.6 

30 

22.0 

12 

53.6 

54 

129.2 

96 

204.9 

71 

93.8 

29 

20.2 

13 

55.4 

55 

131.0 

97  1 

1 

206.6 

70 

94.0 

28 

18.4 

14 

57.2 

56 

132.8 

98 

208.4 

69 

92.2 

27 

16.6 

13 

59.0 

57 

134.6 

99 

210.2 

68 

90.4 

26 

11.8 

16 

60.8 

68  1 

136.4 

100 

212.0 

67 

88.6 

25 

13.0 

17 

62.6 

59 

138.2 

101 

21.1.8  1 

66 

86.8 

24 

11.2 

18 

64.4 

60 

140.0 

102  1 

215.6 

65 

85.0 

23 

9.4 

19 

66.2 

61 

141.8 

103 

217.4 

64 

83.2 

22 

7.6 

20 

68.0 

62 

143.6 

104 

219.2 

63 

81.4 

21 

6.8 

21 

69.8 

63 

145.4 

105 

221.0 

62 

79.6 

20 

4.0 

22 

71.6 

64 

147.2 

106  , 

222.8 

61 

77.8 

19 

2.2 

23 

73.4 

65 

149.0 

107 

224.6 

60 

76.0 

18 

—0.4 

24 

75.2 

66 

150.8 

108 

226.4 

59 

74.2 

17 

-1-1.4 

25 

77.0 

67 

152.6 

109 

228.2 

TABLES. 
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On*. 

noir. 

Cmft. 

Vahr. 

Crat. 

Vfthr. 

+40218 
404.6 

Gent. 

Vfthr. 

Gent. 

Ffehr. 

-Hlio' 
111 

H-28o!o 
231.8 

+158** 
169 

H-816'.4 
818.2 

+206° 
207 

+264* 
256 

+48912 
491.0 

+802* 
808 

+675**.6 
677.4 

112 

283.6 

160 

820.0 

208 

406.4 

256 

492.8 

804 

679.2 

118 

236.4 

161 

821.8 

209 

408.2 

257 

494.6 

806 

681.0 

114 

237.2 

162 

823.6 

210 

410.0 

268 

496.4 

806 

682.8 

116 

239.0 

168 

825.4 

211 

411.8 

259 

498.2 

807 

684.6 

116 

240.8 

164 

827.2 

212 

41.3.6 

260 

600.0 

308 

686.4 

117 

242.6 

165 

829.0 

213 

416.4 

261 

501.8 

309 

688.2 

118 

244.4 

166 

830.8 

214 

417.2 

262 

503.6 

810 

690.0 

119 

246.2 

167 

332.6 

215 

419.0 

263 

505.4 

811 

691.8 

120 

248.0 

168 

834.4 

216 

420.8 

264 

507.2 

812 

693.6 

121 

249.8 

169 

336.2 

217 

422.6 

265 

509.0 

813 

696.4 

122 

261.6 

170 

338.0 

218 

424.4 

266 

610.8 

814 

697.2 

128 

253.4 

171 

839.8 

219 

426.2 

267 

612.6 

816 

699.0 

124 

255.2 

172 

341.6 

220 

428.0 

268 

614.4 

816 

600.8 

126 

267.0 

173 

343.4 

221 

429.8 

269 

616.2 

817 

602.6 

126 

258.8 

174 

846.2 

222 

431.6 

270 

618.0 

818 

604.4 

127 

260.6 

176 

847.0 

223 

433.4 

271 

619.8 

819 

606.2 

128 

262.4 

176 

348.8 

224 

435.2 

272 

621.6 

820 

608.0 

129 

264.2 

177 

860.6 

226 

487.0 

273 

623.4 

321 

609.8 

130 

266.0 

178 

852.4 

226 

488.8 

274 

525.2 

322 

611.6 

131 

267.8 

179 

354.2 

227 

440.6 

276 

6270 

823 

613.4 

1.32 

269.6 

180 

366.0 

228 

442.4 

276 

628.8 

824 

616.2 

183 

271.4 

181 

857.8 

229 

444.2 

277 

630.6 

325 

617.0 

134 

273.2 

182 

859.6 

230 

446.0 

278 

632.4 

326 

618.8 

186 

276.0 

183 

361.4 

231 

447.8 

279 

634.2 

827 

620.6 

136 

276.8 

184 

363.2 

282 

449.6 

280 

536.0 

828 

622.4 

137 
138 

278.6 

280.4 

186 
186 

865.0 
366.8 

233 
234 

451.4 
458.2 

281 
282 

^7.8 
539.6 

329 
330 

624.2 
626.0 

139 

282.2 

187 

868.6 

235 

455.0 

283 

641.4 

831 

627.8 

140 

284.0 

188 

870.4 

236 

456.8 

284 

543.2 

832 

629.6 

141 

285.8 

189 

372.2 

237 

458.6 

285 

545.0 

333 

631.4 

142 

287.6 

190 

374.0 

238 

460.4 

286 

646.8 

334 

'  638.2 

148 

289.4 

191 

375.8 

239 

462.2 

287 

648.6 

836 

635.0 

144 

291.2 

192 

377.6 

240 

464.0 

288 

550.4 

336 

636.8 

145 

293.0 

193 

379.4 

241 

466.8 

289 

552.2 

837 

638.6 

146 

294.8 

194 

881.2 

242 

467.6 

290 

664.0 

838 

640.4 

147 

296.6 

196 

883.0 

243 

469.4 

291 

555.8 

839 

642.2 

148 

298.4 

196 

884.8 

244 

471.2 

292 

657.6 

340 

644.0 

149 

800.2 

197 

386.6 

245 

473.0 

298 

659.4 

841 

646.8 

160 

802.0 

198 

888.4 

246 

474.8 

294 

661.2 

342 

647.6 

161 

808.8 

199 

890.2 

247 

476  6 

296 

668.0 

843 

649.4 

162 

806.6 

200 

892.0 

248 

478.4 

296 

664.8 

844 

651.2 

168 

807.4 

201 

898.8 

249 

480.2 

297 

666.6 

846 

653.0 

164 

809.2 

202 

896.6 

260 

482.0 

298 

668.4 

846 

654.8 

156 

811.0 

208 

897.4 

261 

488.8 

299 

670.2 

847 

656.6 

166 

812.8 

204 

899.2 

252 

485.6 

800 

J572.0 

848 

668.4 

157 

814.6 

206 

401.0 

263 

487.4 

801 

673.8 

849 

660.2 

720 
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TABLES. 


TABLE   XIX, 

TABLE  FOR  THE  REDUCTION  OF  THE  PRESSURE  OF  A  COLUMN 
OF  WATER  TO  A  COLUMN  OF  MERCURY. 


Pretrarv  of 
in  Millimeiras. 

Prenaraor 

Mereory, 

in  MilUmetM. 

Prannre  of 

Water, 

in  Hiilimetras. 

Prennraof 

Mereurj, 

in  MIIIImHrM. 

PrMmireof 

Water, 

in  Hillimetit* 

Prwgowof 

Mereoiy, 
inHUlimcCni. 

1 

0.07 

41 

8.03 

81 

5.98 

2 

0.15 

42 

8.10 

82 

6.05 

3 

0.22 

43 

8.17 

83 

6.13 

4 

0.30 

44 

8.25 

84 

6.20 

5 

0.37 

45 

8.32 

8^ 

6.27 

6 

0.44 

46 

3.39 

86 

6.35 

7 

0.52 

47 

8.47 

87 

6.42 

8 

0.59 

48 

8.54 

88 

6.49 

9 

0.66 

49 

8.62 

89 

6.57 

10 

0.74 

50 

8.69 

90 

6.64 

11 

0.81 

51 

8.76 

91 

6.72 

12 

0.89 

52 

8.84 

92 

6.79 

18 

0.96 

53 

8.91 

93 

6.86 

14 

1.03 

54 

8.99 

94 

6.94       \ 

15 

1.12 

55 

4.06 

95 

7.01 

16 

1.18 

56 

4.18 

96 

7.06 

17 

1.26 

57 

4.21 

97 

7.16 

18 

1.33 

68. 

4.28 

98 

7.28 

19 

1.40 

59 

4.35 

99 

7.31 

20 

1.48 

60 

4.43 

100 

7.38 

21 

1..J5 

61 

4.50 

200 

14.76 

22 

1.62 

62 

4.58 

300 

22.14 

23 

1.70 

63 

4.65 

400 

29.52 

24 

1.77 

64 

4.72 

500 

86.90 

25 

1.84 

65 

4.80 

600 

44.28 

26 

1.92 

66 

4.87 

700 

51.66 

27 

1.98 

67 

4.94 

800 

59.04 

28 

2.07 

68 

6.02 

900 

66.42 

29 

2.14 

69 

6.09 

1000 

73.80 

30 

2.21 

70 

6.17 

31 

2.29 

71 

5.24 

32 

2.36 

72 

5.31 

33 

2.44 

73 

5.39 

34 

2.51 

74 

5.46 

35 

2.58 

75 

5.54 

86 

2.66 

76 

5.61 

37 

2.73 

77 

5.68 

38 

2.80 

78 

6.76 

J 

39 

40 

2.88 

79 

6.83 

1 

2.95 

80 
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LOGARITHMS  AND  ANTI-LOGARITHMS. 


LOGARITHMS  OF  NUMBERS. 
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CONSTANT  LO< 


Circumr.  of  circle  when  R  ^l,  (-     = 

-      "     .        "     2)  =  1,  (,    = 

Area  of  circle  when  /f  =  1,  (»     = 

"     "      "         «     i>'=I,  (^     = 

"     "      "         "     C*=  1,  (^-  = 

Surface  of  sphere  when  ^  ^  1,  (4»  = 

«      »       "          "     iJ'=  1,  (,     = 

.     «     -       ..■^=,,  <!   = 

Soliditj  of  sphere  when  ^  ^  1,  (;  »  = 

"       "       "          "      -^=1.  (g    = 

"        "       "          "       ''=''  (i= 

Log.of*",  (.r'    = 

iDtensity  of  gravity  at  Pnris,  (j     = 

"        "       "in  Lat  45°,  0     = 

"         "       "      on  Equator,  (j     = 

Length  of  seconds  pendulun)  at  Paris,  (/  = 

No.  of  second;*  in  a  day. 

Specific  Giavity  of  Mercury, 

Mean  height  of  Burometi^r, 

Corresponding  air  pressure  on  c.  m,',       { 
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Absoluts  Wkioht.    (See  Weight) 
Absorption  of  gases  by  solids,  879. 

"  ^*  "  laws  of,  881. 

"  "        by  Uqnids.    {See  Solu- 

"  of  liquids  by  solids,  868.  fbility. ) 

Absorption-Meter,  402.    Analysis  of  mixed 

gases  by,  409. 
Acceleranon,  definition  of,  28* 

**  of  gravity,  66. 

Action  and  reaction,  law  of,  49. 
Adhesion,  842.    {And see  Onmose.) 
between  gases,  412. 
liquids,  888. 

^*      and  gases,  891. 
solids,  842. 
"    and  gases.  879, 888. 
"      **    liquids,  844. 
phenomena  of,  classified,  842. 
Air.    (See  Atmosphere.) 
Air-Pump,  with  valves,  829. 
^  .         without  valves,  826. 
*'  degree  of  exhaustion,  827. 

Air-Thermometer,  538.  {See  Thermoscope.) 

"  Regnault's,  584. 

Alooometer,  Gay-Lussac's,  254. 
AQoys,  expansion  in  solidifying,  658. 

**       melting-point  of,  560. 
Alnmlna^  ciTstailization  of,  120. 
Analogies  or  Nature,  9. 

Ann^ing,  207,  211. 

^        of  g[lass.  212. 
Antfanony.  ratio  or  crystalline  axes  of,  122. 
Mmga  ana  Dulong,  experiments  on  Blari- 

otte's  law,  298. 
^  **         experiments  on  tension 

of  aqueous  vapor,  676. 
An3himede8*8  Law,  285. 

^  ^     demonstration  of,  287. 

^  *"      illustration  of,  286. 

Aneoie,  crystalliEation  of,  120. 
Anenious  Acid,  crystallization  of,  120. 
Artesian  Wells,  283,  647. 
Aspirator,  826,  392. 
Atmoaphere,  buoyancy  of,  268. 
dew-point  of,  641. 
effects  of  expansion  of,  540. 
pressure  of,  266,  279. 
probable  limit  of,  807. 
relative  humidity  of,  640. 
waves  of,  286. 
Atomic  Theonr,  110. 
Atoms,  size  of,  boi(covisch*s  opinion  of,  110. 

**  "       Newton's  opinion  of,  110. 

Attraction  of  Earth.    {See  Gravity.) 
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Axes  of  crystals,  121, 128. 
lateral  and  vertical,  122. 
ratio  in  crystals  of  antimony,  122. 

bichromate  of  pot- 
.  ash,  124.  ri22. 
carbonate  of  ume, 
gypsimi,  128.  [124. 
sulphate  of  copper, 
»*  iron,  128. 
sulphur,  128. 
tin,  122. 
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Babinkt,  formtda  of,  806. 

Balance,  accuracy  and  sensibility  of,  102. 

centre  of  gravity  of,  how  af^usted, 
degree  of  sensibility  of,  106.    [101. 
description  of,  100. 
hydrostatic,  248. 
regarded  as  a  lever,  101. 

*'  "    pendulum,  102.    [94. 

spring,  indicates  absolute  weight, 
Balloons,  270. 

"        ascensional  force  of,  271. 
Barometer,  Aneroid,  286. 

Bourdon's  metallic,  190. 
common,  284. 
Fortin's,  282. 
history  of,  276. 
oscillations  of,  286. 
Regnault's,  280. 
theory  of,  278. 
"  used  m  measuring  heights,  804. 

"  "      meteorology,  287. 

"  various  uses  of,  28o. 

Barometrical  Observations,  corrected  for  ca- 
pillarity, 284, 866. 
"  "         corrected  for  tem- 

perature, 284, 611. 
Bevelling,  181. 
Bichromate  of  potash,  ratio  of  crystalUofl 

axes  of,  124. 
Billiards,  illustrative  of  elasticity,  201. 
Bodies,  collision  of  unelastic,  49. 

""  "         elastic,  196. 

Body,  definition  of,  8. 
Boiler.    ( See  Steam-  Boiler. ) 
Boiling-Polnt,  determination  of,  669. 

influenced  by  pressure,  666, 
table  of,  666.  [677. 

of  water,  666. 

effect  of  salts  on,  568. 
influenced   by  con- 
taining vessel,  568. 
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Boiling-Point,  nse  in  measturing  heights,  667. 
Boracic  Acid,  how  used  in  crystallizing,  120. 
Bo9Covi8ch*ft  opinion  of  atomic  theory,  110. 
Bourdon.  {See  Barometer  and  Manometer.) 
Bnovancv  of  gases.  268. 

"  »•  Rqulds,  286,  247. 

Bramah*s  Press,  220. 
Br^guet*s  Metallic  Thermometer,  604. 
Britannia  Bridee,  expansion  of,  608. 
Brittleness,  dennition  of,  206. 
Brix,  latent  heat  of  vapors,  604. 
Bronze,  tempering  of,  212. 
Bunsen,  absoiption-meter,  402. 

"        solution  of  gases  In  liquids,  893. 

"       specific  gravity  of  gases,  671.    By 
effusion,  414. 
tension  of  condensed  gases,  698. 
volume  of  gases,  679. 
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Caghiard  dk  la  Tour,  experiments  on 

dense  vapors,  601. 
Calcite,  Imrdness  of  faces  of,  210. 

ratio  of  crystalline  axes  of,  122. 
rhombohedrons  of,  162. 
Capillarity,  846. 

absorption  of  liquids  by  porous 

solids,  868. 
amount  of  pressure,  861. 
effects  of  pressure,  862. 
form  of  meniscus,  847,  349. 
general  phenomena  of,  846, 864. 
'*  Illustrations  of,  868,  862. 

^*         influence  of  temperature  on,  860. 
numerical  laws  of,  366. 
pressure  resulting  from  molecu- 
lar forces,  849. 
"  verification  of  laws  of,  867. 

Capillary  Tubes,  height  of   liquid  in,  364, 
•*  Flutes,  357,  359.  (368,  360. 

Carbonate  of  potia,  laws  of  its  solubility,  876. 

"  "  lime.     {See  Calcite.) 

Carbonic  Acid,  condensation  of,  696,  609. 
Cathetoineter,  186,281. 
Cement*!,  343. 

Centre  of  Gmvity,  properties  of,  60. 
*•  "         position  of,  61. 

oscillation,  definition  and  proper- 
ties of,  70. 
pressure,  220,  240. 
Centipade  Thenuometric  Scale,  436. 
Centrifugal  force,  79. 

"at  equator,  82. 
"       mea,sure  of,  80. 
"      modifying  gravity,  81. 
Centripetal  force,  78. 
Charcoal,  absorption  of  gases  by,  880. 
Chemical  Change,  distinguishe<l  from  solu- 
tion, 371. 
"         Physics,  definition  of,  6. 
Chemistry,  how  distinguished  from  Physics, 
"  the  three  questions  of,  6.  [5. 

"Chimney,  theory  of  541. 
Cleavage,  laws  of,  205. 

"         planes  of,  119,  204. 
Clock,  description  of,  72. 
Coefficient  of^  absorption  of  gases,  392. 

"  "   compressibility  of  liquids,  217. 

'•   conduction  of  heat,  659. 
"  "  cubic  expansion,  492. 

"   elasticity,  186. 
"   expansion  of  gases,  628. 
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Coefficient  of  expaosion  of  water,  627. 

**         "  "       of  mercury,  610, 614. 

**         "  linear  expansion,  49L 
Cohesion,  119,  842. 
Coma^,  208. 
Collision  of  elastic  bodies^  196. 

**        ^  unelastic  bodies,  49. 
Column.    {See  Mercury  Column.) 
Combustion,  heat  from,  649. 
Components  and  Resultants,  88. 
Compressibility  of  gases,  116, 278, 648. 
«  ^*         Uiws  of;  287. 

*»  **         limit  to,  301. 

**    (iS^eMariotte^sLaw.) 
of  liquids,  216. 
of  matter,   illustratioi»  of. 
Condensation  of  gases,  692.  JIIS. 

**  ^*        apparatus  of  batte- 

rer, 698. 
**  "        apparatus  of  Thilo- 

rier,  696. 
"  "        by  cold,  6»8. 

"  **        by  pressure,  694. 

**  **        F'araday's       experi- 

ments on,  699. 
**  "        Faraday*B     mecfaod, 

696.  1648. 

"  '*        heat  resulting  in»D, 

Condensed  Gases,  boiling-points  of,  692. 
"  **       freezin^points  of,  699. 

"  **       latent  heat  of,  609.   [610. 

"  **       low    temperature     from, 

**  **      maximum  tension  of^  59S, 

♦*  "       table  of,  695.  [596. 

Condensing-Pump,  838. 
Conduction  of  Heat,  coefficients  of;  669. 
"  »•        illustrations  of,  666. 

"  *•        in  crystals,  656. 

"  "        in  gases,  657. 

'*  '•  **     Grove's  experi- 

ments on,  657. 
"  *'        in  liquids,  657. 

"  "  *-      Despretz's  ex- 

periments on,  657. 
"  "        in   liquids,    Rumford's 

experiments  on,  667. 
*'  "        in    solids,    condactow 

good  and  bad,  664. 
"  "        in  solids,  experimenti 

of    Wiedmann   and 
Franz,  656. 
"  "        in  solids,  Ingenhoiisz*s 

apparatus,  666. 
"  "        in  solids,  laws  of,  656. 

"  "        in  various  metals,  666. 

Co-ordinates,  definition  of,  20 
Copper,  tempering  of,  212. 
Coniish  Boiler,  616. 
C/Oulomb,  laws  of  elasticity,  192. 
Couples,  definition  of  mechanical,  47. 
Crj'ophorus,  609. 
Crystal,  axes  of,  121. 
*"        centre  of,  124. 
"        definition  of,  121. 
"        parameters  of  planes  of,  124. 
"        planes  of,  121. 
*•        similar  axes  of,  126. 
"  "       planes  of,  126. 

"        size  of,  121. 
*'        {See  Form.) 
Crystalline  form,  119. 
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Cryitalline  form,  identity  of,  defined,  188. 

*'         structara,  119. 
CiyBtallization,  proceu  of,  119. 

"  water  of,  872. 

Ciystallography,  119. 

"  termfl  of,  121. 

GrystalB,  cleavage  of,  119, 204. 

^       condnction  of  heat  in,  666. 
**        determination  of  176. 
"        expansion  of,  498. 
groups  of,  178. 
uregularitles  of,  170. 
mooels  of.  132. 
modifications  of,  181,  176. 

"  laws    governing, 

simple  and  compound,  129.    [182. 
symbols  of,  128. 
systems  of,  121, 176. 
twin,  178. 
{See  Form.) 
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Dalton*8  Apparatus  for  tension  of  vapors, 
672. 
**        Laws,  688. 
DanielTs  Hygrometer,  648. 
Densimeter,  262. 
Density,  definition  of,  18.    (See  Mass.; 

**        how  related  to  weight,  91. 
Despretz,  conduction  of  heat  in  liquids,  667. 
expansion  of  water,  628,  626,  649. 
experiments  on  Mariotte's  Law, 
291. 

Dew,  theory  of,  668. 
Diffhsion  bottles.  419. 

'*        tube  of  Graham,  420. 
of  gases,  419. 

Dalton^s  theory  of,  422. 
illustrations  of;  428. 
'*        of  liauids,  888.  [884. 

"      Graham*s  experiments  on, 
**      illustrations  of,  884. 
"      hiws  of,  886. 
"      {See  Osmose). 
Dimovphism,  184. 
Distillation,  process  of,  688. 
Dividing  engine,  448. 
Divisibmty  of  matter.    {See  Matter.) 
Ductility,  206. 

*«        order  of,  207. 
Dakag  and  Petit,  experiments  on  expansion 
of  mercury,  608, 614. 
"      specific  heat  of  gases,  488,  489. 
*<      {See  Ango.) 
Dynamics,  definUion  of,  84. 

Earth,  centre  of  gravitr  of,  84. 
**       eccentricity  of,  88. 
**       origin  of  form  of,  86. 
"       spheroidal  figure  of,  88. 
Effusion  of  gases,  412.  [418. 

**      **      experiments  of  Graham, 
•*      •*      law  of,  414. 
«      **      use    in   determining  Sp. 
Or..  414. 
Elastic  bodies,  collision  of,  196. 
Elasticity,  coefficient  of,  186. 
"         definition  of,  116. 
"         limits  of,  116, 198. 
**         limited  and  unlimited,  116. 
**         of  compression,  187. 
"         "  orystaU,  196. 
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Elasticity  of  fiexure,  187. 

"         **       "       applications  of,  189. 
»«         "  liquids,  115,  216. 
"         "  sdids,  186. 
"         "  tension,  laws  of,  186. 
"         **  torsion,  191. 
u         li        u        applications  of,  198. 
**  *«        "        laws  of,  192. 

**       perfect  and  imperfect,  116. 
"        varieties  of,  115. 
Elements,  chemical  definition  of,  8. 
Engine,  dividing,  448. 

"       steam,  615  et  sea. 
Equilibrium,  mechanical,  definition  of,  84. 
*«  of  floating  bodies,  242. 

of  liquids,  228.  [62. 

stable,  unstable,  and  neutral. 
Expansion,  coefficient  of,  491. 
"        force  of,  499. 
"        by  heat,  430. 
•*         ^      ''     cubic,  481, 492. 
•*         "      "     linear,  431, 491. 
**       heat  absorbed  in,  475,  480. 
**        of  gases,  628. 
**         "      "      expansion  of  air,  640. 
**         "      "      air-thermometer,  688. 
"         '*      "      air-pyrometer,  639. 
"         "      "      coefficients  of,  628. 
»*         »*      "      general  laws  of,  682. 
"         "      "      metliods   of  determin- 

injr,  530. 
"    liquids,  607. 

"        '*      above     the     boiling- 
point,  519. 
**         "       **      absolute   and   appar- 
ent, 607. 
"         "       "      change  of  rate  with 

temperature,  6 17. 
"         **       "      experiments  of  Drion, 

519. 
"         "        "      experiments  of  Kopp, 

616. 
•*         "        "      experiments  of  Pierre, 

516. 
"         "        "      formula   for   alcohol, 

ether,    and   oil    of 
turpentine,  618. 
"         **        "      represented  by  curves, 

618. 
"         "solids,  494. 
"         **      •♦      applications  of,  604. 
•'         "      "      determination  of  cubic, 

496, 515.  [494. 

"         "      "      determination  of  linear, 
'*         "      **      case  of  crystals,  498. 
"         "      "  "      glass,  497, 498. 

"         "      "      experiments  of  Kopp, 

496. 
"        "      "     experiments  of  La  Place 

and  Lavoisier,  494. 
"         *'      "      illustrations  of,  500. 
"         **      "      order  of  compressibili- 
ty and  expansibility, 
497. 
"         "      **      related  to  fusibility,497. 
"         "      **      variation  with  temper- 
ature, 497. 
"         "  mercury,  608. 
u        u       ii      coeflScients  of,  610. 
"         **        "      correction   of  barom- 
eter, 611. 


my,  detenniiutttaD  dI 

detenu  ID  atian  of  ap- 
parent, 618.  f" 
empiricU  Tonniili 
meuiDd  of  deunuin- 
iag  obaoluW,  Dnlong 
KDd  Petit,  SOa,  Beg- 
DHUlt,  &09. 
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"  "  curre  of,  621,  6«. 
"  f  »  coefficient  of,  637. 
*'         "      **      detennination  of  ed&xI- 

mnm  dengity.  633. 
"         u      '<      empirical  fonnaiH  for, 

"         "      "      ezperlmetits     of    Des- 

pralz,  &3S. 
■'        "      "      eiperiment*  of  Pliloker 

and  Gflinlsr,  638. 
"        "      "      poinl  of  maiimum  den- 

titv,  630. 
"         "      "    {5«HaximiunD«DBit]r.) 
EitaoBloD,  definlUm  of,  10. 
bow  meuond,  11. 


PandkT, 

6«6.m. 

rkmtiDf  bodies,  lawi  of.  341. 

Flnidlnr,  deAnitioD  of.  116. 

rum,  ohuM  of  point  of  appliotltnt,  it, 

*     deAnitioii  of  mechuiieal,  S3. 

'      iDtFDsitr  mnd  qulntitf  of,  ST,  68. 

"     bm  goT«nusg  direction  of,  32. 


-■      mi'viii^.  87.     (Sri  Momentnni. ) 
*      ijfipn  uif  i<l«t  of,  8. 

-  uuil  ,'(.  SS,  US. 
Kocwut,  «oti¥  <t(  imnlllel.  4S. 

wBtniujral  iti'l  c«mrip«l«l,  77. 

-  cvmp«i:i.>o  of.  3",  43. 

"  pirsltel,  48,  «. 
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Fom.,cT7i.l«llim.  . 
"  dominant  and  Hjcondarr,  130. 
"  B»««ntial  anrl  iifcidenwl,  IIS. 
"      hHrnilieilKil,  12B. 


182.    Triciinic,  189.    Trimetric,  168 
Formulie :  — 

Absolute  expansion  of  mercury,  609. 

Air-Ihannomeier,  536  -  683. 
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FommlflB :  — 

Specific  gravity  and  mass,  92. 
Sp.  Gr.  and  specific  weight,  92. 
and  weight,  91. 
of  gMes,  678. 

of  Iiqiiids  corrected  for  tem- 
perature, 665. 
of  solidB  corrected  for  tem- 
perature, 668. 
of  vapors,  676,  676. 
referred  to  air  and  water,  98. 
weight  and  volume,  92. 
Specific  heat  of  gases  under  constant 

volume,  481. 
**  **    method  of  mixture,  468. 

Specific  weight,  90. 
Svphon,  821.  [586. 

Tension  and  temperature  of  vapors, 
"         "    volume  of  vapors,  688. 
^*       of  aqueous  vapor,  581. 
Uniform  motions,  28. 
Uniformly  accelerated  motion,  24,  25. 

^        retarded  motions,  26,  27. 
Variation  of  gravity  with  height,  86. 
Velocity  of  sound,  482. 
Volume  of  alcohol,  etc.,  518. 
of  gases,  681. 
of  mercury,  511. 
of  water,  527.  [670. 

Weight  of  gas,  reduced  for  latitude, 
^   ofonecTS:«ofgas,668,669. 
**     ofbodiesinair,  269. 
Woolf  *s  apparatus,  819,  320. 
Franklin,  on  absorption  of  heat,  658. 
French  System  of  Weights,  89. 
Freezing  mixtures,  556. 
point,  548. 
**      of  water,  549. 
"  **     efifect  of  salts  on,  549. 

Friction,  heat  of,  648. 
Fulcrum,  97. 
Furnace,  hot-air,  542. 
Fusion  of  solids,  548,  558.   (See  Melting  and 

Freezing  Points,  oim  Heat  of  Fusion.) 
Fusion  of  solids,  vitreous,  548.  [557. 

change  of  volume  attending. 
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Galileo,  proposition  of  composition  of 

locities,  28. 
Gallon,  imperial,  14. 
Gases,  absorption  of,  by  solids,  879. 

compressibility  of,  115,  278,  287. 

condensation  of.  (See  Condensation.) 

conduction  of  heat  by,  657. 

definition  of  quantity  of,  894. 

direction  of  pressure  of,  265. 

eflfusion  of.    {See  Effusion.)       [115. 

elasticity  of,  perfect  and  unlimited, 

expansion  of.    (See  Expansion.) 

fluidity  of,  268. 

formation  of  vapor  in,  636. 

how  distinguished  from  liquids,  278. 
"  "  vapors,  585* 

mechanical  condition  of,  268. 

method  of  weighing,  270. 

passage  of,  through  membranes,  425. 

permanent  elasticity  of,  274. 

pressure  due  to  gravity,  265. 

solubility  of.    (See  Solubility.) 

specific  gravitv  of,  98,  278,  670. 

tension  of,  detfnition,  268. 

62* 


u 


u 
u 


M 
U 
U 
U 

u 
<i 
a 
u 
u 
u 
u 
it 


ti 

u 


u 


u 


u 
It 
tt 
u 
tt 
tt 


tt 
tt 
tt 
tt 


tt 
it 
tt 
it 
tt 
tt 


tt 
li 

tt 


Gases,  transmission  of  pressure,  264. 
transpiration  of,  417. 
volume  of,  679.    (See  Weighing  and 
MeasuringJ 
*'  ^         how  reducer  to  standard 

pressure,  818. 
moist,  how  reduced,  687. 
weight  of,  270,  667. 
Gasometers,  814. 
Gay-Lussac,  solubility  of  sulphate  of  soda, 

874,  875. 
(Geometry,  subject-matter  of,  11. 
Glass,  annealing  of,  212. 
**     expansion  of,  at  different  tempera- 
tures, 498,  499. 
Glauber  Salts.    {See  Sulphate  of  Soda.) 
Gold-Leaf,  illustrates  divisibility  of  matter, 
"  manufacture  of.  206.  [109. 

Goniometer,  Application,  177. 
"  Reflective,  178. 

Babinet*s,  188. 
Haidinger*s,  188. 
Mitscherlich's,  182. 
Rudberg*8,  182. 
Suckow*8, 188. 
Wollaston's,  179. 
Goniometry,  Miller's  method  of.  181.     [884. 
Graham's  experiments  on  diffusion  of  liquids, 

"    of  gases,  420. 
effusion,  418. 
osmose,  889. 
transpiration,  417. 
Grailich  and  Pekarek's  Sclerometer,  209. 
Gramme,  definition  of,  89. 
Grassi,  on  compressibility  of  liquids,  217. 
Gravitation,  law  of,  86. 
Gravity,  acceleration  of,  65. 

Borda's  and  Cassini's  experiments 

on,  74. 
causes  of  variation  of  earth's,  77. 
centre  of,  60. 
deflnition  of,  56. 
direction  of  earth's,  57. 
intensity  of,  64. 

"  how  measured,  66. 

"  represented  by  g,  65. 

irregularities  of,  77. 
measured  by  pendulum,  78. 
^*        point  of  application  of  earth's,  58. 
*'    •   proportional  to  quanti^  of  matter, 
"        resultant  of  forces  of,  59.  [65. 

value  of,  at  different  latitudes,  76. 
varies  with  distance,  85. 
{See  Specific  Gravity.) 
Gypsum,  form  of  crystals  of,  174. 

^*         ratio  of  crystalline  axes  of,  128. 

Hallstrom,  expansion  of  water,  528. 
Hardness,  definition  of,  208. 
**        how  measurod,  208. 
**         of  crystals,  209. 
**         scale  of,  209. 
"        sclerometer,  209. 
Heat,  a  repulsive  force,  118. 
**     absorbed  by  expansion,  475,  480. 
**     an  expansive  force,  480. 
"     central,  647. 
"     definition  of,  426. 
^     mechanical  equivalent  of,  484,  688. 
"     theories  of,  426. 
"     {See  Conduction,  Badiant,  &  Souroea.) 
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Heat  of  Fnsiofi,  656. 

"*■  ^       fineesiiig  mixtare,  666. 

*^  **       liow  determined,  669. 

'*'  "•       Penon^s  law,  660. 

Hemihedral  Forms,  12«,  186,  188, 146,  149, 
Uemi-octahedrooA,  168.  [161, 167. 

Hemi-prisms,  166. 
Hemitropes,  174. 

Holohedral  Form.  127, 188, 142, 147, 168, 168. 
HopkiiiA,  effect  of  pressure  on  melting-point. 
Hydrometer,  249.  [660. 

*«  Bamn^'s,  268. 

"  Fahrenheit*s,  261. 

"*  Nicholson^  260. 

"  Rousseau's,  266. 

Hydrostatic   Balance,  248. 
''  Paradox,  228. 

"  Press,  220. 

Hygrometer,  689. 

Daniell*s,  648. 
Deluc's,  646. 
Hair,  645. 
Regnault's,  642. 
SaussureV,  645. 
Wet-bulb,  644. 
Hygrometry,  686. 

Dalton's  laws,  688. 
dew-point,  641. 
drying  apparatus,  646. 
formation  of  mixed  vapors,  688. 
"        of  vapor  in  air,  686. 
relative  humidity  of  air,  640. 
tension  of  vapor  in  air,  686. 
volume  of  moist  gases,  how  re- 
duced, 687. 
Hypothesis,  how  related  to  law,  7. 

Impbrktrabiutt,  definition  of,  19. 
India-rubber,  adhesion  of,  843. 

**  used  for  joints,  343. 

Inertia,  definition  of,  32. 
Iodine,  crystallization  of,  120. 

Joule,  mechanical  equivalent  of  heat,  484, 
633. 

Kater,  experiments  on  the  pendulum,  12,71. 
Kilogramme,  origin  and  history  of,  16. 
Klino-diagonal  axis,  123,  164. 
Kopp,  change  of  volume  in  fusion,  551. 

"     cubic  expansion,  496. 

"     expansion  of  liquids,  516. 

"     volume  of  water  at  different  tempera- 
tures, 526. 

La  Place,  formula  of  305. 

"  velocity  or  sound,  482. 

Latent  Heat.    {See  Heat  of  Fusion.) 
Latent  Heat  of  Vapor,  603. 

"  "        application  in  case  of 

steam,  611. 
"  "        Brix's  experiments  on, 

"  "        cryophorus,  609.    [604. 

"  "        determination  of,  603. 

"  "        illustrations  of,  608. 

"  "        in  equal  volumes,  606. 

"  "        in  steam    at    different 

temperatures,  606. 
Leslie  8  experiment  on, 

609. 
porous  water-jars,  608. 
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Latent  Heat  of  Vapor,  Begnanh'i  mA 

meats  QDfM7. 
solid  carbonic  add,  ni 
q>heroidal  oooditiaoaf 

liquids,  61 L 
Watt*s  theory,  606. 
Latitude,  variatioo  of  gravity  with,  76. 
"•  **       of  wdg^t  <^  gases  willi, 

670. 
Lavoisier  and  Laplace,  measurement  of  Bb- 

ear  expansion,  494. 
Law,  criterion  or  its  validity,  8. 
"*    Dalton^s,  688. 
^    definition  of,  7. 
*"    Mariotte's,  287. 
^    nature  of  a  physical,  7,  800. 
"    of  gravitation,  86. 
"    PerK>n*B,  660. 
^    relation  of,  to  Divine  Mind,  7. 
"    Watt's,  «06. 
Laws  of  capillarity,  855. 
**       cleavage,  205. 
**       cnratatline  symmetry,  182. 
*^       dimision  of  gases,  420. 
*'  *"  fiquids,  888. 

*^        Dulong,  484,  489. 
elasticity,  186. 
liquid  equilibrium,  229. 

"      pressure,  227. 
solution  of  gases,  892. 
tcHvion,  192. 
"       transpiration,  417. 
Length,  units  of,  English,  11.    FreDch,  li 
Lesne's  experiment,  609. 
Lever,  arms  of,  98. 

conditions  of  equilibrium  oi^  98. 
general  theory  of,  97. 
"     three  kinds  of,  97. 
Leverage,  definition  of,  100. 
Light,  plane  of  polarization  rotated  by  crji- 

tals,  162, 167. 
Liquid  state,  117. 

Liquids,  adhesion  to  solids.    (See  Solids.) 
"        centre  of  pressure  of,  220. 
"        characteristic  properties  of,  215. 
"        compressibility  o(,  114,  216. 
"        diffusion  of,  383.    (Se«  Diffusion.) 
"        direction  of  pressure  of,  219. 
"        elasticity  of,  115,  215. 
"        expansion  of.     (See  Expansioii.) 
"        how  distinguished  from  gases.  27i 
"        laws  of  buoyancy  of,  235  -  24^ 
"  "       equilibrium  of,  228  -  281 

"  "       pressure  of,  224-227. 

"        mechanical  condition  of,  215. 
"        pressure  due  to  gravity,  223. 
"        principle  of  Archimedes,  235. 
"        specific  gravity  of,  247  el  9eq.,  665. 
spheroidal  condition  of,  361. 
transmission  of  pressure,  218. 
"        volume  of,  666.    (&<•  Weighing  and 
**  Measuring.) 

Litre,  17. 

Locomotive  Boiler,  618. 
"  Enjfine,  628. 

Loewers  experiments  on  solubility  of  carb«v 

nate  of  sods,  376. 
"  "  on  solubility  of  sul- 

phate of  soda,  874. 
"  "  on  supersaturated  «>• 

Intions,  878. 
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Makbo-diaooval  Azas,  128. 
MaUeabiUty,  206. 

order  of,  ^07.  [208. 

variatioiu   with    temperature, 
Manometeri  Begnanlt's,  808. 

metallio,  of  Bourdon,  189. 
with  confined  air,  810. 
MarcefB  Globe.  574. 
lfariotte*»  Flask,  828. 

Law,  application  of,  801. 
^   deviations  from,  290, 299, 582, 
586,602. 

M  <<   experiments  on,  Arago  and 

Dulong,  293. 
"  •*  "  Despretz,  291. 

"  "  "         Natterer,  299. 

"  "  "  Oersted,  290. 

•*  "  "         Regnault,  295. 

"  •*    history  of,  290. 

''  **    illustrations  of,  288. 

**  **    relation  to  expansion  of  gas- 

es, 582,  686. 
"^  "*    statement  of,  287. 

Mass,  definition  of,  18. 
'*     relation  to  density,  18. 
**     unit  of,  91. 
Matter,  compressibilihr  of,  118. 
^       definition  of,  8. 
"       dirisibility  of,  an  accidental  prop- 
erty. 109. 
**       essential  nature  of^  not  understood.  8. 
*'  "       and  accidental  properties 

of,  10. 
**       expansibility  of,  118. 
*'       general  and  specific  properties  of^  8. 
^       ulustrations  of  its  porcMity,  110. 
**       physical  and  chemical  properties,  5. 
Maximum  density  of  water,  520. 

"  ♦*  "       effects   of  salts 

on,  626. 
"  "  "       hUtory   of    dis- 

covery oil  522. 
**  "  "       important  oear- 

ings  of,  525. 
Measure,  English  system  o^  11.  {See  Yard.) 

*'       French  svstem  of,  its  history,  14. 
Measuring.   (See  Weighing  and  Measuring.) 
Mechanics,  subject-matter  of,  82. 
Meltinir-Point,  548. 

^  effect  of  pressure  on,  550. 

**  of  alloys,  determination  of, 

Meniscus,  form  of,  847,  849.  [554. 

Mercurial  Thermometers,  482. 

^  **  arbitrary  scale,  446. 

^  '*  calibration  of,  448. 

**  "  change  of  zero-point, 

"  "  comparison   of  dif- 

ferent, 489. 
"  "  construction  of  stan- 

dard, 442. 
"  "  defects  of,  486. 

"  "  filling  of,  488. 

^  "  graduation  of,  488. 

"  "  observations,      how 

corrected,  448. 
"  "  size  of  bulb  of,  445. 

Mercury  column,  how  measured,  280. 

*'  "        expansion  of.     {Su  Ex- 

pansion.) 
Metaoentre,  definition  of,  244. 


Metals,  crystallization  of,  120. 
Metre,  an  arbitrarv  measure,  16. 

**      origin  and  nistonr  of^  14. 

*^      suMivisions  of,  17. 
Mitscherlich,  expansion  of  crsrstals,  498. 

"  goniometer,  182. 

Modifications  of  crystals,  181. 

"  '^  laws  of,' 182. 

Mohs*s  scale  of  hardness,  209. 
Molecular  forces,  two  classes  of^  117,    {See 

Forces.) 
Moment,  definition  of,  100. 
Momentum,  definition  of,  87. 
Motion,  a  relative  term,  21. 

"       an  essential  property  of  matter,  21. 

^        comj^und,  27. 

''        curvilinear,  how  resulting,  29. 

*'        origin  of  idea  of.  21. 

'*       pandIelo|piim  or,  27. 

"        possible  m  several  directions  at  once, 

^*        uniform,  and  varying.  28.  [22. 

^       uniformly  accelerate  23. 

"  "         retarded,  26. 

[698. 

Natterkb,  apparatus  for  condensing  ^^ms, 

^*  experiments  on  compressioility 

of  gases,  299. 

Newton,  discovery  of  law  of  gravitation,  87. 

**        formula  tor  velocity  of  sound,  482. 

**       opinion  on  atomic  theory,  110. 

Ortro-diaoohal  Axis,  128. 
Osmometer,  887. 
Osmose,  887. 

**        explanation  of,  888. 

**        Graham*s  experiments  on.  889. 

**        how  allied  to  chemical  affinity,  891. 


Param ETBB8  of  CTTstalline  planes,  124. 
Pendulum,  amplitude  of  oscillation,  68. 
BesseVs  experiments  on,  76. 
Borda's   and    Cassini's   experi- 
ments on,  74,  76. 
centre  of  oscillation  of,  70. 
definition  of^  66. 
formula  of,  68,  69. 
Harrison*s  gridiron,  505. 
how  affected  b^  the  air,  75. 
isochronism  of,  68. 
Kater's  experiments  on,  12,  71. 
laws  of  oscillation  of,  69. 
Martinis  compensation,  506. 
measure  of  force  of  gravity,  78. 

"        of  time,  71. 
simple  and  compound,  66,  69. 
theory  of,  67. 
virtual  length  of,  70. 
Physical  changes,  how  distinguished  firam 
chemical,  4. 
"       properties,  how  distinguished  from 
chemical.  5. 
Physics,  how  distinguished  from  Chemistry, 
Planes  of  cleavage,  119.  fb. 

*'        similar,  126, 175. 
*'         symbols  of  crvstalline,  128. 
^         terminal  and  basal,  169. 
Plumb-Line,  use  of,  57. 
Pneumatic  Trough,  811,  680. 
Polyhedron,  121. 
Polymorphism^  84. 
Pores,  size  of,  Uerschel^s  opinion,  118. 
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Poposlty,  110. 

Florentine  experiments  on,  IIS. 
iDiutrationB  of,  111. 
implies  compressibility,  118. 
Position  of  a  body,  how  defined,  20. 

"        origin  of  idea  of,  20. 
Found,  Troy  and  Avoirdupois,  90. 

"      United  States  standard,  90. 
Fower  of  a  force,  87,  62. 
Pressure  of  the  atmosphere,  266. 

measured  by  ba- 
rometer, 279. 
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Radiant  Heat,  661. 

*•  "       absorption  of,  662. 

analo^us  to  li^t,  661. 
emission  of,  668.         [668. 
**  ^'        Franklin's      experiments, 

"  '*       freezing  water  by  radia- 

tion, 664. 
»*  "        hot-beds,  664. 

**  **        laws  of,  661. 

**  "        phenomena  of  dew,  668. 

**  **       radiation  of  cold,  661. 

"  "       reflection  of,  662. 

**  ^       transmission  tfarou^  me> 

dia,662. 
Refrigerator,  648. 

Begnault,  comparison  of  thermometers,  489. 
^        determination  of  tension  of  va- 
pors, 676.  [296. 
experiments  on   Mariotte's  law, 
**          on  specific  heat,  466, 
[467,469,471,474,476. 
hygrometer,  642. 
hygrometry,  644,  646. 
latent  heat  of  aoueoos  vapor,  607. 
method  of  weigning  gases,  270. 
specific  gravity  of  gases,  667. 

"  "     '  of  vapors,  676. 

weight  of  gases,  667. 
Relative  Weight.     {See  Weight.) 

"        specific  weight,  96. 
Rest,  a  relative  term,  21. 
Rhombohedron,  149. 
Rolling-Mill,  206. 
Rumford,  conduction  of  heat  in  liquids,  667. 

"  heat  of  friction,  648. 

Rupert's  Drops,  212. 
Rupture,  resistance  to,  201. 
*'         law  of,  202. 

Safbty-tubks,  theory  of,  815. 

"     ■    valve,  619. 
Savart,  elasticity  of  crystals,  196. 
Scalenohedron,  153. 
Sclerometer,  209. 
Section,  principal,  151, 169. 
Set,  definition  of,  116,  194. 
Silliman,  diffu<«ion  apparatus,  428. 
Similar  axes,  125. 
edges,  181. 
planes,  126, 175. 
solid  angles,  131. 
Siphon,  theory  of,  320. 
Solid  state,  117. 

Solids,  absorption  of  liquids  by  porous,  868. 

of  gases  by,  879. 
adhesion  between,  842. 

to  liquids,  Gay-Lussac's  ex- 
periments,* 846. 
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Solids,  duunactaristic  propertiee  <£,  lit. 
compressibility  of,  118. 
ooiKniction  of  heat  in,  666. 
elasticity  of,  imperfect  and  Innited, 
fiisioD  of.    ( See  Fusion. )  [m. 

poroeityol^  110. 
specific  gravity  of;  91,  247, 661 
volume  of,  664. 

weight  o^  87, 100, 661.    (&«Weigh- 
ins  and  Measuring.) 
Solubility  <h  carbcnuUe  of  soda,  876, 877. 
of  sulphate  of  soda,  872  -  876. 
of  gases,  causes  <^  variatioo,  S98. 
^         coefiScientofabsorptioD. 
892. 
determination  of  coeffi- 
cient, 898. 
expression  by  empirKsl 
foitouls,  893. 
««  "<         mixed  gases,  406.  [8M. 

**  **         variation  with  preKuis, 

^  "•        variation  with  tenqwn- 

ture,898. 
»*  "*        (See  Absorption-MetBr.) 

"         of  scdids,  curves  of,  867. 
*^  **         determina^on  of;  869. 

•«  "         empirical   fcmnulc  oC 

866. 
uninfluenced  by  fhskn, 

869. 
variation  witii  tempefSr 
ture,  866. 
Sohition,  how  distinguished  finom  chemicil 
change,  871. 
^       of  gases,  892. 
«*        of  solids  in  Uonids,  866. 
**        supersaturated,  876. 
Sources  of  Heat,  647. 

"  "      central  heat,  647. 

**  "      calculations  of  Fourier,  647. 

»*  »*      chemical  649. 

"  "      condensation,  648. 

friction,  648. 
percussion,  648. 
sun,  647. 
Sp.  Gravity,  91,  247. 

bottle,  247. 

methods  of  determining,  247- 
267. 
«  of  gases,  93, 278.  [414. 

"  "        determined  bv  eflFosion, 

"  »*        referre^l  to  air.  98. 

"  relation   to  specific  wei^t  in 

French  system,  92. 

Sp.  Heat,  464. 

of  gases,  476,  478. 
"        under    constant  pressure, 
477. 

"  "        under  constant   pressure, 

does  not  vary  with  ten»- 
perature  or  pressure,  477. 

"  "        under    constant    volume, 

480. 

"  "        under    constant    volum*. 

determination  from  ve- 
locity of  sound,  i^t. 

"  "        under'  constant    volume, 

Dulong's     experimeBtj. 
483. 

"  "        under    constant    volume, 

Dulong's  Uws,  484,  469. 
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Sp.  Heat  of  platinnm,  «nd  detennination  of 
nigh  temperatnreSf  473. 
of  solids  and  liquids.  466. 

connected  with  their  chem- 
ical equivalents,  471. 
^  determhiation  of,  466,  467. 

**  greater  in  liquids  than  in 

solids,  476. 
**  greatest  in  water,  476. 

"        of  the  elements,  466. 
**       unit  of  heat,  464,  472. 
Sp.  Weight,  90. 

**  relative,  96. 

Spheroidal  condition  of  liquids,  861,  611. 
**  **  Bontigny's   experi- 

ments, 618. 
"  *'  illustrations  of,  614. 

•*  "  temperature  in,  612. 

"  "      freezing  of  water  in,  614. 

Spirit-Level,  282. 
Spring-Balance,  94, 189. 
Snuiaards  of  measure.  ( See  Yard  and  Metre. ) 
**        of  weight.     {See    Qnunme   and 
Pound.) 
Statics,  definition  of,  34. 
Steam,  572.    ( See  Vapors. ) 

*^      application  of  latent  heat  of,  611. 
"      bath,  691. 

^      expajision  at  formation  of,  608. 
"      latent  heat  of,  at  different  tempera- 
tures, 606,  682. 
"  "         "     Regnault's  results,  607. 

**  "         "     theory  of  Watt  as  to, 

"      mechanical  power  of,  681.  [606. 

**      volume  of,  68  L 
Steam-BoUer,  616. 

"  appendages  of,  618. 

"  Cornish,  616. 

<*  dimensions  of,  620. 

"  "         heating  surface, 

"  French  form  of,  617.        [616. 

"  fusible  plug,  620. 

"  locomotive,  617. 

**  requisites  of,  616. 

"  safety-valve,  619. 

Steam-Engine,  615. 

**  condenser,  625. 

**  cutroffs,  688. 

"  fljr-wheel,  628. 

**  high-pressure,  628,  688. 

'^  locomotive,  628. 

"  low-pressure,  621,  638. 

"  mecnanical  power  of,  681. 

**  non-condensmg,  628.  • 

**  parallel  motion,  624. 

"*■  the  eccentric,  625. 

^*  Watt's  condensing,  621. 

Substances,  definition  of,  8. 
Sugar,  heraihedral  forms  of,  168.  [169. 

Sulphate  of  copper,  crystalline  form  of,  124, 
"       of  iron,  crystalline  form  of.  128. 
'*       of  lime,  crystalline  form  of,  128. 
**       of  soda,  laws  of  solubility,  872, 875. 
"  "     osmotic  equivalent  of,  888. 

'*  **     soluble  modifications  of,  874. 

**  **     supersaturated  solution  of, 

876. 
**  "     use  of,  in  fuzing  mixtures, 

557, 
Sulphide  of  hydrogen,  coefficient  of  absorp- 
tion of,  899. 


Sulphur,  how  crystallized,  120. 

^*       ratio  of^crystalline  axes  of,  128. 
Sulphurous  Acid,  coefficient  of  absorption  of, 

401. 
«  "     condensation  of,  598. 

Supersaturated  Solution^  876. 
Surface,  units  of.    Enghsh,  18.    French,  17. 
Syphon,  theory  of,  820. 
System,  dimetric,  122, 142. 
hexagonal,  122, 147. 
monoclinic,  128, 168. 
monometric,  121, 182. 
"        triclinic,  128, 168. 
^        trimetric,  128, 158. 
Systems  of  crystals,  121. 
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Absoiption  of  gases  by  charcoal,  880  4 
by  Meerschaum,  plaster  of  Paris,  and 
sAk,  881. 
Boiling-points  of  condensed  gases,  592. 
"  "        liauids,  566. 

**  ^        saiine  solutions,  568. 

Coefficients  of  compressibility  of  liquids, 
**  of  elasticity,  187.         [217. 

of  expansion  of  glass  at  dif- 
ferent temperatures,  497. 
of  expansion   of  mercury, 
510. 
Comparison  of  different  mercurial  ther- 
mometers. 489. 
"  of  mercurial  with  air-ther- 

mometers, 489. 
**  of  thermometers  fiUed  with 

diffierent  liauids,  451. 
Compressibility  of  gases  by  Arago  and 

Dulong,  294. 
"     by  Natterer,  299. 
**     byRegnault,296. 
Conducting  power  of  metals,  by  Des- 
pretz,  659;  by  Wiedman  and  Franz, 
656. 
Determination  of  crystals,  176. 
Diffusion  of  solids  in  solution,  885. 
Dimension  of  steam-boilers,  621. 

*'  of  the  earth,  88. 

Effect  of  pressure  on  melting-point,  550. 
Effusion  and  Diffusion  of  gases,  414. 
Expansion  of  matter  by  heat,  481. 
"  in  vaporization,  608. 

"  of  gases,  628. 

"  offiquids,  617.  [519. 

"  "       above  boiling-point. 

Freezing-points  of  condensed  gases,  599. 
French  linear  measure,  17. 

"        system  of  weights,  89. 
Greatest  density  of  vapors,  601. 
Groups  of  equi-^ifiusive  substances,  886. 
Heat  of  combustion,  650. 

"       fUsion,  566. 
Height  of  liquids  in  capillary  tubes,  858, 

861. 
Intensity  of  gravity  at  different  lati- 
tudes, 76. 
Latent  heat  of  aqueous  vapors,  by  Watt, 
606 ;  by  Regnault,  608. 
"  "    of  vapors,  605. 

Limit  of  elasticity,  195. 
Mechanical  power  of  steam,  631. 
Melting-points,  548. 

**  of  alloys,  560. 
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Tables:  — 

p«noii*f  iftw.  ses. 

Pntaurs  and  specific  gniTitj  of  ttie  air 

at  inoreasing  altitiufes,  806. 
-Scak  of  hardness,  S09. 
Solubility  of  carbonate  of  soda,  877. 

of  chloride  of  poCasaiom,  866. 
of  gases,  808. 
of  nitre,  366. 
of  sulphate  of  soda,  876. 
Sp.  Heat  of  elements,  466. 

of  equal  volumes  of  gases,  488. 
of  gases  and  vapors,  478. 
in  solid  and  liquid  state,  476. 
of  liquids  at  dmerent  temper- 
atures, 474. 
of  modifications  of  earbon,  476. 
of  platinum  at  different  tem- 
peratures, 478. 
of  solids  at  different  tempera- 
tures, 478. 
of  water  at  different  tempera- 
tures. 472. 
Temperature  of  liquids  in  spheroidal 

condition,  612. 
Tenacity,  ductility,  malleability,  207. 
Tension  of  aqueous  vapors,  671. 
^       of  condensed  gases,  698. 
"  **  •*     at  00,696. 

*^       of  vapors  of  liquids,  688. 
Tints  of  heated  steel,  211. 
Tnmspirability  of  gases,  418. 
Weight  of  gases.  668. 
Tartaric  Acid,  heminedral  forms  of,  167. 
Tartrate  of  soda  and  ammonia,  hemihedral 

forms  of,  162. 
Temperature,  absolute  zero,  664. 
definition  of,  463. 
determined  by  specific  heat  of 

nlntinum,  '478. 
infinence  of,  on  solubility,  866. 
lowest  observed,  4o2,  6^6. 
measured  by  a  thermometer, 
of  celestial  space,  564.      [432. 
obtained  witn  condensed  gas> 

es,  610. 
thermal  equilibrium,  463. 
true,  689. 
Tempering,  211. 

"  of  bronze,  212. 

"  of  copper,  212. 

"  of  glass,  212. 

Tenacity,  203. 

"    *   means  of  measuring,  202. 
**        order  of,  207. 
Tension  of  gases.    {See  Gases.) 

"        of  vapors.     (<Se;e  Vapors.) 
Tetartohedral  Forms,  129,  166. 
Theory,  atomic,  110. 
Theories,  how  related  to  laws,  7. 
Thermometer,  air,  466,  534. 
alcohol,  451. 

filled  with  various  liquids,  451. 
fixed  points  of,  433. 
house,  450. 

maximum  and  minimum,  452. 
mercurial,  432. 
metallic,  of  Brdguet,  604. 
Negretti  and  Zambra's,  453. 
"  Rutherford's,  452. 

'*  scales  of,  485. 
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Tbermometer,  icalea  of,  reductkn  oi;  4M. 

"  Walferdin's,  464. 

«'  water,  488. 

**  welriit,  618. 

"  {aeeaboAir.mdUacwiL) 

ThenxKHDultiplier,  MeUoni*s,  467. 
Thermosoopea,  Leslie^s,  466. 

*"  Romford*s,  467. 

**  Sanctoriu8*8, 466. 

Time,  how  measured,  S2. 
"     origin  of  the  idea  of,  22. 
**     units  of,  22. 
Tin,  ratio  of  crystalline  axes  aC^  122. 
Torricelli's  experiments,  276. 
Torsion  Balance,  198. 

**       elasticitv  of,  191. 
Transpiration  of^gases,  laws  o(^  417. 
Trougnton,  standard  yard,  18. 
Truncation,  181. 
Twin  crystals,  178. 

Ubtit  of  force,  86,  98. 
''       heat,  464,  472. 
length,  11, 14,  17. 
mass,  91. 
surface,  18, 17. 
volume,  18, 17. 
weight,  89. 
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Vapob,  aqueous  tensioo  of,  671. 

'  "  "        Dalton's  appaa- 

tus,  572. 
apparatus  of  Gay-Lussac,  574. 

*^  Regnault,  676. 

empirical  formulse  for,  681. 
formation  in  atmosphere  of  gss,  NC> 

{Andiee  Hygrometry.) 
geometrical  curve  of,  580. 
laws  governing,  680. 
Marcet's  ^lobe,  574. 
Papin's  digester,  591. 
(See  Latent  Heat  of  Vapor.) 
Vapors,  expansion  attending  fonnation  of, 
^'        fonnation  of,  670. 662.  [604. 

"        ereiUest  density  of,  600. 

now  distinguislied  from  gai>es,  565. 
msximum  tension  of,  584. 
smallest  density  of,  602. 
specific  gravity  of,  674  tt  $tq. 
tensions  of,  compared,  564. 
weight  of,  669. 
Velocities,  composition  of,  28. 
Velocity,  definition  of,  28. 
Vh  viiyij  53. 

Volume,  definition  of,  10. 
"        how  estimated,  14. 
"        units  of.    English,  18.    French,  17. 
Volumeter,  Gay-Lussac*8,  252. 

Wash-Bottle,  826. 

Water,  change  of  volume  in  freezing,  552. 
"       effect  of  pressure  on  melting-point, 

550. 
"       expansion  of.     (Se^  Expansion.) 
freezing-point  of.  549. 
maximum  density  of.    (See  Maxi- 
mum Density.) 
»*       pump,  334.         '  [526. 

"      volume  of,  at  different  temperature, 
Watt,  Uiw  of,  606. 

"     steam-engine  of,  621. 
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ighlng  and  Measuring,  661. 

Sp.  Gr.  of  gsMft,  Baiu6n*8  method, 

671. 
^  '*       Begnaoirs  method, 

670. 
of  liquidB,  91, 849,  «e^. 
^       corrected  for  tem- 
perature, 665. 
of  soUdfl,  91,  247. 

^       corrected  for  tem- 
perature, 662. 
of  vapors.  674.  uq,       [678. 
Deville's    meuiod, 
Dumas^s     method, 

676. 
Gay-Lussac's  meth- 
od, 678. 
Regnauh^s  method, 
676. 
Volume  of  gase^,  679. 
*'        of  liquids,  666. 
"        of  solids,  664. 
Weight  of  gases,  270,667. 

of  solids,  87, 100,  661. 
of  vapors,  669. 
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Weight,  absolute,  87. 

'^  **        distinct  finom  mass,  88. 

liable  to  variation,  89. 
measure    of   quantity-   of 
matter,  88. 
of  a  body  in  air,  268. 
relative,  94. 

a  constant  quantity,  96. 
measured  by  the  Dabuice, 
94. 

rific,  90. 
unit  of  mass,  91. 
Weiehts  described.  94. 
Welb's  theory  of  dew,  668. 
Welter's  tube,  817. 

Wertheim,  experiments  on  elasticity,  187. 
Wire-Mill,  205. 
Woolf  *s  Bottles,  818. 
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Yard,  act  of  Parliament  concerning,  11. 
American  standard.  18. 
origin  and  history  of  11. 
standard,  destroyed  by  fire,  12. 
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